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Collective quadrupole behavior in '*Pd
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Excited states in '%Pd were studied with the (n,n'y) reaction, and comprehensive information for excitations
with spin <67 was obtained. The data include level lifetimes in the femtosecond regime, spins and parities,
transition multipolarities, and multipole mixing ratios, which allow the determination of reduced transition
probabilities. The E2 decay strength to the low-lying states is mapped up to 2.4 MeV in excitation energy. The
structures associated with quadrupole collectivity are elucidated and organized into bands.

DOI: 10.1103/PhysRevC.95.034328

I. INTRODUCTION

The structural interpretation of nuclei between spherical
(closed-shell) and deformed (open-shell) regions, often called
“transitional,” has been strongly influenced by the Bohr
model [1], i.e., a “liquid-drop” model with quantized shape
degrees of freedom. Thus, nuclei near closed shells are viewed
as spherical, exhibiting harmonic quadrupole, octupole, etc.
shape vibrations, and nuclei away from shell closures are
interpreted as having static deformed quadrupole, etc. shapes
with rotational and vibrational degrees of freedom.

For many years, the 43Cd isotopes were regarded as
“textbook” cases of harmonic quadrupole vibrational behavior,
based on patterns of excitation energies and y-ray decay
branching ratios. However, in a systematic study of stable even-
mass Cd isotopes, it was concluded that some of these nuclei
are poorly described by collective vibrational models [2—-4].
This view arose following measurements of the detailed
properties of excited states [5—7], including lifetimes, and left
open the question of whether the neighboring 46Pd isotopes
may exhibit near-harmonic quadrupole vibrational behavior
as excitation energy patterns suggest.
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In a Coulomb excitation study of 106’logPd, Svensson and
co-workers [8] concluded that vibrational degrees of freedom
are important for the description of the low-spin level structure
of these nuclei but that not all of the observed decay properties
can be understood without invoking rotational motion and
triaxiality. In g-factor measurements of the 2;”, 2;, and 4?’
states of '9Pd, Giirdal er al. [9] examined the vibrational
character of this nucleus and concluded that the excitation
energies and g factors are consistent with the simple vibrational
model, but the nonzero static quadrupole moment of the
first excited state cannot be explained. The recent report of
EO transitions in '°°Pd with large p2(E0) values provides
evidence for shape coexistence and rotational bands are clearly
evident [10].

In the present work, we carried out a detailed characteri-
zation of levels in '"°Pd with the (n,n'y) reaction to assess
the conflicting pictures of the structure of nuclei in this mass
region. These data provide a comprehensive view of the
positive-parity structure up to ~2.4 MeV for spins J < 6, as
provided by E2 transition strengths via lifetime measurements
from Doppler shifts following inelastic neutron scattering.
When combined with results from multistep Coulomb exci-
tation [8,11], these data, i.e., spins, transition multipolarities,
multipole mixing ratios, and decay branching ratios, provide
a detailed view of the quadrupole collectivity of the low-spin
states.

II. EXPERIMENTS

The present study of the low-lying structure of '°Pd
was performed via y-ray spectroscopy following inelastic
neutron scattering (INS). These measurements, executed at
the University of Kentucky Accelerator Laboratory (UKAL),
provide a detailed characterization of the low-lying excited
states, including excitation energies, spins, parities, decay
intensities, transition multipolarities, multipole mixing ra-
tios, and level lifetimes. The nearly monoenergetic neutrons

©2017 American Physical Society


https://doi.org/10.1103/PhysRevC.95.034328

F. M. PRADOS-ESTEVEZ et al.

1.3

1.1F

W(b)

0.9~

30 60 80 100 120 140 160
0 (degrees)

PHYSICAL REVIEW C 95, 034328 (2017)

tan™'d
2 -15 -1 -05 0 05 1 1.5 2

(b)

100¢

10¢

1_

1 1 1 1 1 1 1 1 1
-1000 -2 -1-05 0 051 2 1000

3

FIG. 1. (a) Angular distribution of the 1397.6 keV y ray from the 1909.5 keV level measured at E, = 2.2 MeV and (b) plot of x2 vs
mixing ratio, 8, for the fit of the angular distribution in panel (a) with statistical model calculations.

(AE =~ 60 keV at 2 MeV neutron energy) were provided
through the *H(p,n)*He reaction at the 7 MV Van de Graaff
accelerator of the UKAL. The scattering sample consisted
of 19.98 g of 106pq metal powder, 98.53% enriched, in a
cylindrical polyethylene container 1.8 cm in diameter and
3.5 cm in height. This sample was suspended at a distance
of 5 cm from the end of a tritium gas cell used for neutron
production. The y rays from the (n,n"y) reaction were detected
with a high-purity germanium (HPGe) detector with a relative
efficiency of 55% and an energy resolution of 2.1 keV full
width at half maximum (FWHM) at 1332 keV. For the y-ray
singles measurements [12], an annular bismuth germanate
(BGO) detector served for Compton suppression and as an
active shield. The HPGe detector was 115 cm from the scat-
tering sample. Both detectors were shielded by boron-loaded
polyethylene, copper, and tungsten. Additional time-of-flight
gating was employed to suppress background radiation and
improve the peak-to-background ratio. The neutron flux was
monitored with a BF; long counter at 90° relative to the beam
line and 3.78 m from the gas cell as well as by observing the
time-of-flight spectrum of neutrons in a fast liquid scintillator
(NE218) at an angle of 43° with respect to the beam axis
and 5.9 m from the gas cell. Spectra from calibration y-ray
sources such as 2*Na, °°Co, and ¥’Cs acquired concurrently
with the in-beam spectra were used to monitor the energy
calibration of the spectra. The detector efficiencies and their
small energy nonlinearities were calibrated using **Ra and
152Ey radioactive sources.

The y-ray excitation functions for '°Pd were measured
at 90° with respect to the incident neutrons over a range of
neutron energies from 2.0 to 3.8 MeV in 0.1 MeV increments.
The y-ray thresholds and shapes of the excitation functions
were used to identify new levels and to place transitions in the
level scheme supporting the coincidence analysis discussed
below. The excitation function yields, corrected for y-ray
detection efficiency and multiple scattering, were compared
to statistical model calculations using the code CINDY [13,14],
which predicts the change in the cross sections as a function
of bombarding energy and spin. Along with the angular-
distribution data, the excitation functions also contribute to
the determination of spins.

Angular distribution measurements were performed at
incident neutron energies of 2.2, 2.7, and 3.5 MeV, where
the detector was placed at angles between 40° and 150°. The
variation of the yield of a particular y ray as a function of the
angle 6 was fit with a polynomial form related to the angle by
the Legendre polynomial as

W(0) = Ap[l + as Pr(cos 0) + as Pa(cos 0)], ()

where the angular distribution coefficients a, and a4 depend on
the level spins, multipolarities, and mixing ratios of transitions
from the level; P,(cosf) and Py(cos@) are the Legendre
polynomials. Level spins and multipole mixing ratios, &, were
deduced by comparing the measured angular distributions
with statistical model calculations. Branching ratios were
also obtained from the angular distribution data. An example
angular distribution and mixing ratio determination are shown
in Fig. 1.

Level lifetimes were extracted from each of the three
angular-distribution measurements using the Doppler-shift
attenuation method (DSAM), as described in Refs. [15,16].
Examples of lifetimes determined in the present measurements
are shown in Fig. 2. The spectral fitting was performed using
the TV software package [17].

The spectra from the y-ray angular distributions were also
summed at each of the three incident neutron energies to
improve the counting statistics. These high-statistics spectra
were used to confirm the presence of low-intensity y rays. An
example spectrum to demonstrate the quality of the data is
displayed in Fig. 3.

A y-y coincidence measurement [18] was carried out
at a neutron energy of 3.3 MeV with four HPGe detectors
placed &6 cm from the center of the sample in a co-planar
arrangement. Events were recorded when at least two detectors
registered coincident events within a 100 ns time window. The
data were sorted offline into 4k x 4k prompt and random-
background matrices with 40 ns coincidence time gates.
The random-background matrix was then subtracted from
the prompt matrix, and the offline coincidence data analyses
were performed using the RADWARE software package [19].
The y-y coincidence data were used to build the level scheme
of 106Pd, and also to determine the relative y-ray intensities if
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FIG. 2. Lifetimes from the Doppler-shift data for the (a)
1909.5 and (b) 1397.6 keV y rays from the 1909.5 keV level,
(c) the 1796.9 keV y ray from the 2308.8 keV level, and (d) the
2193.3 keV y ray from the 2705.2 keV level.

complex multiplets appeared in the singles spectra. Examples
of gated y-y coincidence spectra are shown in Fig. 4.

III. RESULTS AND DISCUSSION

The results of the current work are presented in Tables I
and II. Table I includes only information obtained in the current
measurements. Table II includes some information from other
sources, as documented in the table notes, when the values
could not be obtained from our (r,n'y) data. Low-lying states
in 1°°Pd, arranged in a manner that permits assessment of
its structure in terms of collective quadrupole excitations, are

PHYSICAL REVIEW C 95, 034328 (2017)

shown in Fig. 5. The sources of the E2 transition probabilities
shown are documented in the notes of Table II.

A. Level discussions

There are three levels in the Nuclear Data Sheets (NDS)
compilation [20] that should have been observed in our
measurements but were not: the 190427,37;24721%,2%; and
26494% levels. The y rays from the 1904 keV state were
reassigned to the 1910 keV level, based on energies and angular
distributions. From the 2472 keV level, the 472, 766, and
1960 keV y rays were not observed. Finally, the only branch
from the 2649 keV level, the 1087 keV y ray, was also not
observed. We, therefore, refute the existence of these three
levels.

A comment concerning the order of the 4] state and the 6,
state is also warranted. In Table I, we show that the 61+ state lies
at2076.8 keV and the 47 state at 2077.5 keV. Our reasoning for
this assignment is primarily based on energies; the 949.5 and
1565.7 keV branches from the 47 level lead to a level energy of
2077.5 keV. The doublet around 848 keV yields y rays at 847.4
and 848.3 keV. The latter is in agreement with the 2077.5 keV
level energy, while the former represents the transition from
the 6f' level and accommodates a level at 2076.8 keV. This
ordering of the two states is reversed, however, when compared
with the most recent NDS compilation [20] but is in agreement
with the previous version [24]. Moreover, these placements are
also in agreement with the data from '%" Ag decay by Tivin
et al. [25], who originally concluded the existence of the two
levels. Few other measurements populate both the 4;’ and the
6;“ states, while quoting sufficiently small uncertainties on the
energies to afford a comparison.

ZU 1046/1050
3,2
@ 1398 1572
2 195 50y
= 0
(=} 3
o
1 1 1 I 1 1 1 1 I 1 1 1 1 I 1
1000 1500 2000 2500
E (keV)

FIG. 3. Spectrum obtained by summing the y-ray spectra for all angles for the E,, = 2.7 MeV angular distribution. Some prominent peaks

are labeled with the y-ray energy, and level spin and parity.
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FIG. 4. y-y coincidence spectra gated on the (a) 05 — 2] 622, (b) 25 — 2] 616, and (c) 47 — 2] 717 keV y rays. The value of J7 is
given above the labeled y-ray energies only for the most intense y rays with firm spin assignments. New y rays from this work are marked
with *. The right-hand section of panel (c), (II), has an expanded y axis compared to the left-hand section, (I).

Four other levels are present in our level scheme as well
as the current NDS compilation [20] for which we obtained
contradictory information. First, for the 2500 keV level,
the lifetime obtained from the 1988 keV y ray is quite
different than that obtained using the other branches. Yet,
the coincidence data show a small peak at 1988 keV when
gating on the 477 keV y ray from the 2977 keV level. We,
therefore, suggest that the 1988 keV y ray is a doublet from
two close-lying levels. Second, the spin of the 2579 keV level
is given as (57), but we find a branch to the first 3" state,
negating this possible spin assignment as we do not expect
to observe M2 transitions in our measurements. Based on the
angular distributions of the y rays, we conclude that the spin is
4, but we cannot assign a parity. Third, the 2741 keV state was
assigned [20] as J™ = 47, yet we observe the ground-state
transition, limiting the spin and parity to 1,2%. However, we
do not observe the y ray to the first excited state. Finally, the
3083 keV level is assigned a spin of 0, but we observed an
anisotropic angular distribution for the 2572 keV y ray as well
as a new transition to the first 3% state and assign a spin of 3.

B. Comparison of B(E2)s with model predictions

The reduced transition probabilities obtained in the current
work are presented in Table II. Svensson et al. [8,11] studied
the low-spin structure of the heavy stable palladium isotopes
by multistep Coulomb excitation, showing that vibrational
degrees of freedom may be important for the description
of the low-lying level structure of '"°Pd. However, serious

discrepancies were found in the decay properties; most of the
single-phonon transitions are smaller than predicted for a pure
harmonic quadrupole vibrator. In many cases, the B(E2)s are
too small by a factor of two or more. This discrepancy is
notably true for the 0] — 2 transition, which is weak and is
inconsistent with a quadrupole vibrational picture. Thus, the
primary focus of the present work is on the triplet of states
with J™(E, in keV) 4 (1229), 25 (1128), and 05 (1134), and
the quintuplet of states with 6?(2077), 4;(1932), 3’{(1558),
27(1562), and 07 (1706).

The lack of E2 strength is already evident for the purported
two-phonon triplet. The B(E2) for each decay as predicted
by the harmonic vibrator model should be 88 W.u., yet the
experimentally determined values are considerably smaller.
Two of the three B(E2)s are a factor of two smaller than
the vibrational prediction. Effective field theory (EFT) calcu-
lations by Pérez and Papenbrock [26] also take into account
possible anharmonicities and provide theoretical uncertainties
for the labeled two-phonon decays in '"°Pd. While their
calculated B(E?2) values agree with the experimental ones
within error, the theoretical uncertainties are rather large, about
30%. Nonetheless, they suggest that '%Pd can be viewed as
an anharmonic quadrupole vibrator at the two-phonon level.

Proceeding to the potential three-phonon states, the defi-
ciency of E2 strength is even more pronounced. If, however,
it is assumed that the strength is fragmented over multiple
states of the same spin and parity, it is useful to sum the E2
strength into the candidate two-phonon states to evaluate this
possibility. The summed E2 strengths from all 2+, 3%, and

034328-4
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TABLE I. Level and y-ray energies, initial spins and parities, final spins and parities, y-ray intensities, average experimental attenuation
factors, level lifetimes, and multipolarity or E2/M1 multipole mixing ratios, 8, in '"Pd from the present inelastic neutron-scattering
measurements only. When two § values with similar x? values were deduced, the § with the lowest value of x? is listed first. (The y-ray and
level energies for the 2T level, however, were taken from Ref. [20].) Levels and y rays observed for the first time in this work are in bold. In
cases where the y ray was observed, but was contaminated by background or y rays from other Pd isotopes and was weak in the coincidence
spectra, the y-ray energies are given without uncertainties and were calculated from level-energy differences and y -ray intensities are given as
upper limits or not at all.

Elevel E, Jr JF I F(1) T Multipolarity
(keV) (keV) (fs) oréd
511.850(23) 511.842(28) 27 0f 100 E2
1128.103(16) 616.232(11) 2f 2f 100.0(30) 0.012(6) 230073° —8.7t17
1128.084(12) 0/ 54.6(16) E2
1133.927(28) 622.038(11) 05 2f 100 E2
1229.293(22) 717.410(11) 4f 2f 100 0.024(7) 11401545 E2
1557.771(21) 328.479(25) 37 4f 3.98(40)
429.661(13) 2F 40.9(41) —8.8™%,
1045.893(13) 2f 100.0(30) —4.03"3]
1562.299(23) 333.00(13) 25 4f 0.40(10) 0.020(7) 1300772 E2
428.339(22) 05 4.40(88) E2
434.196 2f
1050.412(12) 2f 100.0(30) +0.219138
1562.295(25) 07 11.20(56) E2
1706.424(30) 578.330(15) 07 2f 16.70(84) 0.016(12) 160073420 E2
1194.548(13) 2f 100.0(30) E2
1909.509(26) 347.230(25) 2f 2f 6.10(61) 0.017(8) 16007 150°
351.81(13) 3f 0.93(28)
680.201(16) 4f 7.50(38) E2
775.576(22) 05 5.50(28) E2
781.607(55) 2f 1.50(15) 42,17
1397.642(18) 2f 100.0(30) +0.253*3
+1.327]
1909.496(49) 0f 46.4(23) E2
1932.440(26) 374.669 aF 37 0.017(12) 16007330
703.148(15) 4f 39.0(20) —1.55%%
804.338(14) 25 100.0(30) E2
2001.597(36) 873.494(15) 0 25 100 >1200 E2
2076.770(47) 847.434(20) 6; 4f 100 E2
2077.508(41) 848.252(23) 4f 4f 100(20) 0.095(84) 2701150 +0.2073*
949.507(90) 25 6.56(66) E2
1565.695(48) 27 25.6(51) E2
2084.494(33) 522.195 37 27 <14 0.020(11) 140075300 El
956.388(26) 25 7.69(77) El
1572.619(36) 27 100.0(30) El
2242.568(29) 680.269 2 2F 98(15) 0.057(16) 4601190 —0.786"39
684.786(18) 37 48.4(24) +3.75%%3
1108.632(24) 05 50.3(25) E2
1114.477(22) 2} 100.0(30) +0.661%
1730.707(50) 27 16.59(83) —0.03"}7
+2.5M!
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TABLE 1. (Continued.)

Eievel E, Jr JF I, F(1) T Multipolarity
(keV) (keV) (fs) or 8
2242.746(94) 0f 19.19(96) E2
2278.212(98) 1766.362(40) of 2f 100 E2
2283.074(42) 720.8(5) 4f 2f 14.7(29) 0.022(15) 1200725° E2
1053.776(21) 4f 100.0(30) +0.170™3;
2306.181(31) 221.631(22) 47 37 32.0(64)
228.716(36) 4f 13.4(27) El
748.449(18) 3f 100.0(30) El
2308.784(39) 307.187 2F 0F <2 0.045(11) 580+1% E2
746.529(58) 25 5.70(57) —0.15(26)
750.933(43) 37 5.20(52) —-1.675)
—0.473,
1180.691(23) 2f 55.3(28) —0.22(4)
+5.113?
1796.926(41) 2f 100.0(30) +0.192+8
+1.48%14
2308.99(12) 0F 11.3(11) E2
2350.914(32) 418.27(20) 4t 4f 6.8(20)
793.133(21) 3f 97.6(98) -8,
—0.085(90)
1121.416(49) 4f 11.022)
1222.805(25) 25 100.0(30) E2
1839.146(62) 2F 31.8(16) E2
2366.107(41) 433.667 5F 4f <3.7
808.341(21) 3f 100.0(30) E2
1136.83(13) 4f 5.7(11)
2397.550(50) 313.11(42) 5 37 2.90(73) E2
1168.234(24) 4f 100.0(30) El
2401.115(36) 316.621(62) 27,37 37 6.3(13)
838.817(22) 2F 90.7(45) El
843.344 37 <129 El
1273.017(25) 2f 100.0(30) El
1889.231(55) 2f 66.8(33) El
2439.111(44) 876.766(29) 2 2t 15.3(15) 0.050(18) 580*1% +0.01(16)
+2.21H14
1209.770(91) 4f 3.67(37) E2
1305.262(45) 0 7.57(76) E2
1927.271(58) 2f 100.0(30) —0.055"3
+2.74%3
2439.136(42) 0f 30.8(15) E2
2484.91(55) 2484.91(26) 10 0f 100 0.185(18) 12018 (E1)
2499.862(47) 415.368 3~ 37 <18 0.098(28) 280155
937.547(48) 2} 12.7(26) El
942.18(10) 3f 5.2(10) El
1270.460(64) 4f 17.9(36) El
1371.751(29) 2f 100(20) El
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TABLE 1. (Continued.)

PHYSICAL REVIEW C 95, 034328 (2017)

Eievel E, Jr J7 I, F(1) T Multipolarity
(keV) (keV) (fs) oré
1988.012 2F <100 El
2500.126(54) 1988.256(11) 2,3* 2f 100 0.267(15) 75*¢
2578.689(40) 181.068(42) 4 5 27.9(56)
272.504(59) 47 19.1(19)
494.082(38) 3 47.7(48)
1020.900(35) 3f 64.1(64)
1349.500(28) 4f 100.0(30)
2590.575(48) 347.993(60) 3+ 2F 19.0(19)
658.1(1) 4f 11.3(23)
1028.201(33) 2f 100.0(30) —1.68(21)
—0.34273}
1361.2(3) 4f 28.5(57)
1462.557(32) 2f 57.0(57) +0.83+20
2078.14(23) 2f 27.00(81)
2624.424(79) 1062.197(49) 0f 2f 81.2(81) E2
1496.232(74) 2F 59.7(60) E2
2112.491(75) 2F 100(10) E2
2626.860(50) 1064.39(11) 3)* 2f 7.9(16) 0.076(18) 360750 +0.05114
1498.759(25) 2f 100(20) +0.29413)
2115.050(58) 2f 31.8(64) +0.39478
+5.775
2647.036(55) 737.5(2) @ 2f 6.7(20) 0.056(24) 500140 (E2)
1089.350(78) 3F 24.0(24)
1417.713(27) 4f 100.0(30)
2135.365(78) 2F 11.3(23) (E2)
2699.68(12) 302.130(49) 6, 5 100.0(50)
393.501 47 <42
2705.211(97) 998.87(15) 1t 0f 12.8(13) 0.171(18) 145129 M1
1571.3(2) 05 3.60(72) M1
1577.1(2) 2f 28.3(57)
2193.340(48) 2F 100.0(30)
2705.25(11) (O 52.1(52) M1
2713.926(52) 1156.186(31) 3+ 3f 100.0(50) 0.069(27) 400539
1484.6(2) 4f 49.4(35)
1585.786(36) 2f 71.0(71)
2202.026(11) 2f 16.9(34)
2737.252(90) 659.7(2) (4*) 4f 100(20)
1179.5(2) 3F 53(11)
1507.959(41) 4f 43.0(43)
2741.44(13) 2741.442(59) 1,2+ 0f 100
2747.688(54) 247.745(49) 3 3~ 23.8(24) 0.058(46) 500711800
1518.473(39) 4f 23.1(23)
2235.808(33) 2F 100.0(50)
2752.564(75) 668.1(2) ) 37 6.6(20)
674.917(90) 4f 6.4(19)
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TABLE 1. (Continued.)

PHYSICAL REVIEW C 95, 034328 (2017)

Elevel E, Jr J7 I, F(1) T Multipolarity
(keV) (keV) (fs) oré
1523.412(36) 4f 100(10)
2757.08(11) 406.177(86) 4 43.4(87)
450.889(63) 47 100(20)
824.637 4f <92
1527.8(4) 4f 30(15)
2775.95(22) 1213.52) (3.9 2f 15.8(79) 0.092(47) 2901330
1217.9(3) 3F 100.0(30)
1546.7(2) 4f 33.6(67)
1647.8(2) 2f 80(16)
2264.101(98) 2f 18.1(36)
2783.88(11) 2272.032(44) 2,3 2f 100 81%]
2812.270(68) 734.804(84) (6") 4f 26.8(80) (E2)
879.830(55) 4f 39.4(79) (E2)
1582.968(40) 4f 100(10) (E2)
2820.49(10) 1258.2(3) 2+ 2F 11.4(34) 0.091(25) 290453° +1.478
+0.2213]
1692.4(2) 2f 17.2(52) —0.18(10)
+4+£2
2308.6(2) 27 100.0(50) +2.36"5
—0.006%%
2820.494(47) 0f 53.1(53) E2
2828.393(89) 1266.053(80) (0*) 2f 18.1(36) 0.089(32) 300155 (E2)
2316.558(43) 2f 100.0(30) (E2)
2846.168(92) 1283.91(10) 2f 8.3(17) 0.088(27) 30074
1616.867(46) 4f 100.0(70)
2850.766(52) 918.412(75) 3 4f 12.2(24) 0.147(23) 170%3
941.3(2) 2f 18.9(28)
1621.468(26) 4f 100.0(30)
1722.631(60) 2f 19.9(40)
2860.30(20) 775.80(20) 37 100
2860.908(68) 1302.932(35) (5%) 3f 100(15) (E2)
1632.281(63) 4f 54(11)
2875.728(88) 1646.435(40) 4f 100
2878.001(92) 1315.757(98) 2f 12.0(24) 0.034(30) 8007 50°
2366.137(42) 2f 100.0(70)
2878.377(78) 1320.63(11) 3f 10.3(10) 0.071(34) 380170
1649.082(37) 4f 100(10)
2886.239(56) 1758.115(32) 3) 2f 100.0(70) 0.083(18) 32379
2374.429(37) 2f 61.2(43)
2897.454(70) 591.3(2) 4,5- 47 43(11) 0.074(34) 360330
813.74(10) 37 26.5(40)
1668.082(33) 4f 100.0(30)
2902.476(75) 1774.299(57) 1,2* 2f <16 0.254(16) 8718
2390.626 2f <100
2902.476 0f <3
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TABLE 1. (Continued.)

PHYSICAL REVIEW C 95, 034328 (2017)

Elevel E, Jr JF I, F(1) T Multipolarity
(keV) (keV) (fs) oré
2907.516(88) 1678.223(40) 4f 100 0.050(48) >270
2908.651(64) 824.329(48) 3 16.7(33) 0.069(20) 3907550
1346.080(83) 3f 9.3(28)
2396.742(34) 2f 100.0(50)
2917.997(89) 1355.7(2) 2+ 2f 4.4(13) 0.213(18) 10917
1360.2(2) 37 18.7(28)
2406.134(37) 2f 100.0(70) —0.047%3}
+2.6613
2918.16(16) 0/ 7.3(11) E2
2935.518(48) 1706.010(43) 3) 4f 20.5(31) 0.230(15) 999
1807.251(33) 25 37.4(56)
2424.101(33) 2F 100.0(50)
2968.52(13) 2456.670(56) 2F 100
2970.73(13) 2458.875(54) 2F 100
2976.699(80) 476.9(2) 3= 36(11) 0.187(48) 127751
892.205(34) 3 100
3022.042(72) 1792.749(32) 4f 100 0.236(28) 95%1%
3037.27(19) 1909.165 1 25 24(12) 0.459(25) 351
3037.268(90) 0/ 100.0(50) MlorEl
3041.60(19) 758.42(10) (6") 4f 20.6(41) (E2)
1812.61(18) 4f 100.0(50) (E2)
3054.43(33) 1920.5(2) (1) 0F 13.2(33) 0.242(42) 92+
1926.3(2) 2f 12.0(60)
2542.6(2) 2F 100.0(70)
3054.43(16) 0/ 11.0(11)
3057.688(72) 1828.395(32) 3) 4f 100.0(50) 0.132(32) 19074
1929.6(2) 2f 33(10)
2545.8(2) 2F 35(10)
3067.364(78) 1939.262(48) 2f 66(10) 0.123(55) 2107500
2555.512(50) 2f 100(15)
3071.057(97) 2559.207(39) 2F 100
3083.343(95) 1525.6(2) A3) 3t 74(19) 0.108(34) 24043’
1955.2(2) 2f 11.9(24)
2571.492(38) 2F 100.0(50)
3097.485(70) 1868.192(31) 4f 100
3110.83(16) 2598.974(75) 1,2% 2F 100(15)
3110.88(21) 0/ 38.3(57)
3121.27(15) 2609.416(65) 2f 100 0.138(52) 180750
3161.11(14) 1076.5(3) (2,3) 37 28.9(29) 0.283(85) 74753
2649.260(59) 2f 100(10)
3166.28(13) 2032.4(2) 1 05 79(12) 0.176(53) 13577 MlorEl
2654.4(2) 2f 86(26)
3166.281(61) 0f 100.0(70) MlorEl
3173.723(73) 2045.408(42) 2f 100(25) 0.082(33) 3201280
2662.261(52) 2f 86.9(87)
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PHYSICAL REVIEW C 95, 034328 (2017)

TABLE 1. (Continued.)

Elevel E, Jr Ji I, F(1) T Multipolarity
(keV) (keV) (fs) oré
3215.041(92) 1652.742(42) 2f 100 0.089(47) 2901370
3221.50(10) 2093.397 2F <100 0.148(70) 160747°
2709.624(78) 27 100(3)
3249.56(14) 3249.556(65) 1,2+ oF 100 0.514(34) 28(4)
3250.47(20) 2738.618(90) 27 100 0.41(10) 4373}
3272.91(18) 3272.914(84) 1,2+ 07 100 0.725(53) 12(3)
3274.35(19) 2762.495(84) 27 100
3300.222(97) 1737.906(61) 1,2+ 25 27.0(40) 0.217(47) 103735
2172.09(25) 25 100(15)
2788.357(71) 27 34(10)
3300.45(18) 0/ 52.9(79)
3321.38(25) 2809.53(11) 2f 100

#This lifetime differs from the value published in Ref. [10]. We chose to apply a more stringent set of conditions for accepting the F(t) values
extracted from each y ray, which excluded all branches except the 1114.5 keV y ray. The resulting lifetime has smaller uncertainties, but the

error bars do overlap with the previously published value.

4% states above the candidate two-phonon 0%, 2%, and 4%
states, up to an excitation energy of 2.4 MeV, are presented in
Table III. Figures 4(a)-4(c) show coincidence spectra, taken
at a neutron bombarding energy of 3.3 MeV, from which
one can assess feeding intensities to the triplet of states,
07(1134), 2*(1128), and 41(1229) gated by their decays to
the 27(512) state via y rays of 622, 616, and 717 keV,
respectively. Table III shows the summing of B(E2;2l7Ir —
07), B(E2;2 — 27), B(E2;4 — 2), B(E2;3] — 27),
B(E2;2f — 4), B(E2;4} — 47), and B(E2;3; — 4)
values (in W.u.) compared with the harmonic quadrupole
vibrator for a three-phonon triplet. It is evident, by summing
B(E?2) values for the transitions feeding the candidate two-
phonon triplet of states, that '%Pd is not a good case for a
quadrupole vibrational nucleus. While a quintuplet of levels
with appropriate spins is present and the decay patterns
qualitatively reflect those of a three-phonon quintuplet, their
decay strengths are inadequate for this to be a credible
interpretation. Clearly, a deficit in E2 strength exists in all
cases, except possibly for the 2;‘+ — O; and 2[+ — 2;“ summed
transitions, and we must conclude that even fragmentation into
high-lying states cannot account for the observed deficiency.
The EFT calculations by Pérez and Papenbrock [26] also
provided a “break down point” for the three-phonon states.
The results presented here raise the question “What is the
nature of collective quadrupole behavior in '®Pd and, more
generally, how can we describe the nuclear structure in this
mass region?”

To further explore the possible collective structure of '°°Pd,
we considered the other limiting cases of the Bohr model in
addition to the harmonic quadrupole vibrator. The summed E2
strength patterns compared to the (Wilets—Jean) gamma-soft
rotor and rigid axially asymmetric rotor limits of the Bohr
model are shown in Table III, respectively. We also show the
summed E?2 strength compared to a proton-neutron interacting

boson model (IBM2) calculation. The IBM2 calculations were
carried out with parameters very close to those used by Kim
etal. [27].

Other IBM calculations are available, but contribute less
data for a detailed comparison. For example, calculations by
Boyiikata er al. [28] provide potential-energy surfaces indicat-
ing that the structure of '°Pd may be more spherical in nature,
but offer few B(E2) values for '°°Pd specifically; no discussion
of the nature of this individual nucleus is given. Prior calcu-
lations by Van Isacker et al. [29], however, provide additional
B(E?2) values on which the authors base the conclusion that the
05 state is not a member of an intruder band. Our interpretation
of this state in particular is discussed in Sec. IIIC.

The comparisons of the experimental summed B(E?2)
values with the various models shown in Table I1I suggest that
the collective character lies closest to an axially asymmetric
rotor, with possibly some gamma softness. This conclusion is
implicitin the IBM?2 calculations as revealed in the closeness of
the IBM2 calculated B(E?2) values to the Wilets—Jean values.
It is well known that, for large boson numbers, the IBM SO(6)
limiting case can closely resemble the Wilets—Jean limit of the
Bohr model.

In addition to the B(E?2) values discussed above, B(M1)
values in '°Pd have been discussed using IBM2 calculations
by Kim et al. [27] and by Giannatiempo ef al. [30]. Indeed, the
issue of M1 strengths was a major component of the paper by
Kim et al., and it was the focus of the paper by Giannatiempo
et al. We note that the two sets of calculations used very
different parameter sets but obtained very similar results for
the strongest M 1 (as well as E?2) transitions. We are unable to
offer an explanation for this result beyond the observation that
both sets of calculations involve a large number of parameters
and there are probably multiple local fitting minima in this
parameter space. However, we are able to deduce B(M1)
values that critically impact these two sets of calculations.
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TABLE II. Levels, y rays, initial spins and parities, final spins and parities, y-ray branching ratios, level lifetimes, and multipolarities or
E2/M1 multipole mixing ratios used to calculate transition probabilities in '°°Pd. Values not obtained from the present measurements are
labeled with superscripts and described in the footnotes.

Eievel E, Jr Iz B.R. T Multipolarity B(E2) B(E1)/B(M1)
(keV) (keV) (fs) oré (W) (W) /(13)
511.8 511.8 27 07 1.000 17600(900)* E2 44.3(15)"
1128.1 616.2 2f 2f 0.647(24) 4500(360) —-8.7%1 437138 (4.6739) x 107
1128.1 0f 0.353(13) E2 1.18713
1133.9 622.0 05 27 1.000 8400(1900)* E2 35(8)"
1229.3 717.4 4f 27 1.000 1890(260)* E2 76(11)*
1557.8 328.5 3f 4f 0.027(3) 32000(2000)" 6.014¢
429.7 2f 0.282(30) —7.9(8) 16.2139 (10.0735) x 1073
1045.9 2f 0.690(32) —4.03"3] 0.444737 (6.2737) x 1073
1562.3 333.0 25 4f 0.003(1) 1900(190)* E2 10.615,
428.3 05 0.038(8) E2 381
434.2 2F 0.011(1)* 1072
1050.4 2f 0.853(34) +0.24(1)? 0.521}3 (2.08733) x 1072
1562.3 0f 0.095(5) E2 0.147%3%
1706.4 5783 0f 2f 0.143(8) 4000(700) E2 15.175
1194.5 2f 0.857(34) E2 24178
1909.5 347.2 2f 2f 0.036(4) 16007150 120789, ¢
351.8 37 0.006(2) 16713
680.2 4f 0.045(2) E2 52139
775.6 0F 0.033(2) E2 2.0t12
781.6 2F 0.009(1) +2.17 0.44132 (1.3%%) x 107
1397.6 2f 0.595(23) +0.253%32 0.121 (7.3733) x 1073
+1.321]} 121777 (2.872) x 1073
1909.5 0f 0.276(15) E2 0.19™};
1932.4 374.7 4f 37 0.015(2)* 1670(230) 33t3%e
703.1 4 0.276(16) —2.30(2)" 22,173, (4.3%H x 1072
804.3 25 0.709(28) E2 34.5%0
2001.6 873.5 0f 2f 1.000 >1200 E2 <45
2076.8 847.4° 6/ 4f 1.000 710(70)* E2 88.31%
2077.5 848.3 4f 4f 0.76(19) 2701100 +0.20%" 7H! 0.25+%2
949.5 2F 0.050(9) E2 770
1565.7 2f 0.194(49) E2 2.11%
2084.5 5222 37 2f 0.013(3)* 14007150 El (2.8723) x 107>
956.4 2F 0.070(7) El (2.57%) x 107
1572.6 2f 0.916(38) El (7.3 x 107
2242.6 680.3 2f 2f 0.294(46) 4601170 —0.7861% 4613 (4.2735) x 1072
684.8 37 0.146(10) +3.75733 5412 (3.8738) x 1072
1108.6 0 0.151(10) E2 5412
1114.5 2F 0.301(17) +0.667% 3.2432 (1.9113) x 1072
1730.7 2f 0.050(3) —0.03+2 0.00023? (1.2074)) x 1073
+2.5%0! 0.167% (1.7 x 10
2242.7 of 0.058(4) E2 0.06212
2278.2 715.9° 0f 2f 0.226(11) E2
1766.4 2f 0.774(30) E2
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TABLE II. (Continued.)

PHYSICAL REVIEW C 95, 034328 (2017)

Eievel E, Jr J7 B.R. T Multipolarity B(E2) B(E1)/B(M1)
(keV) (keV) (fs) ord (W) (Waw)/(113)
2283.1 720.8 af 2F 0.128(26) 1200°25° E2 15H1°
1053.8 4f 0.872(41) +0.170™3; 0.43758 (3.572% x 1072
2306.2 221.6 47 37 0.220(45)
228.7 4f 0.092(19) El
748.4 37 0.688(41) El
2308.8 307.2 2F 0f <0.011 5801 1% E2 <191
746.5 2f 0.032(3) —0.15(26) 0.11}2 [7.430)] x 1073
750.9 3f 0.029(3) —1.673 4273 (1.977%) x 1073
—0.4%3, 0.81% (5.8"3) x 1072
1180.7 2F 0.308(17) —0.22(4) 0.29*32 (1.76*) x 1072
+5.11? 6.1%3% (6.87$) x 107
1796.9 2f 0.557(21) +0.192%% 0.050%3 (9.1739) x 1073
+1.4871¢ 0.973] (3.07) x 1073
2309.0 of 0.063(6) E2 0.046"}]
2350.9 418.3 4f 4f 0.028(8)
793.1 37 0.395(43) —8H,
—0.085(90)
1121.4 4f 0.044(9)
1222.8 25 0.405(21) E2
1839.1 2f 0.129(9) E2
2366.1 433.7 57 4f <0.034
808.3 3f 0.914(38) E2
1136.8 4f 0.052(11)
2397.6 313.1 57 37 0.028(7) E2
1168.2 4f 0.972(41) El
2401.1 316.6 27,37 37 0.023(5)
838.8 2f 0.328(18) El
843.3 37 <0.047 El
1273.0 25 0.361(14) El
1889.2 2f 0.241(13) El
2439.1 876.8 2F 2f 0.097(10) 58017% +0.01(16) 0.0015%° (1.4277%) x 1072
+2.21¢ 7.4%35% (2.4 x 1072
1209.8 4f 0.023(2) E2 0.427%
1305.3 0F 0.048(5) E2 0.60133
1927.3 2f 0.635(24) —0.055"39 0.003*+}! (8.713%) x 1073
+2.7413 1.00M4 (1.03*%) x 1073
2439.1 0f 0.196(11) E2 0.108"32
2484.9 2484.9 19 (o 1.000 120715 (E1)
2499.9 415.4 3~ 37 <0.071 2801120 <570°
937.5 2f >0.050(11) El >(9.6"3) x 1073
942.2 37 >0.020(4) El >(3.8722) x 1073
1270.5 4f >0.071(15) El >(5.573) x 1073
1371.8 2F >0.394(85) El >(2.471) x 107
1988.0" 27 <0.394 El <7.9 x 1073
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TABLE II. (Continued.)

PHYSICAL REVIEW C 95, 034328 (2017)

Eievel E, Jr J7 B.R. T Multipolarity B(E2) B(E1)/B(M1)
(keV) (keV) (fs) ord (W) (W) /(113)
2500.1 1988.3" 2f 1.000 7578
2578.7 181.1 4 57 0.108(22)
272.5 47 0.074(8)
494.1 37 0.184(20)
1020.9 3F 0.248(27)
1349.5 4f 0.386(19)
2590.6 348.0 3+ 2F 0.078(8)
658.1 4f 0.047(9)
1028.2 2f 0.412(20) —1.68(21)
—0.34213)
1361.2 4f 0.117(24)
1462.6 25 0.235(25) +0.831%9
2078.1 2f 0.111(5)
2624.4 1062.2 0F 2f 0.337(39) E2
1496.2 2f 0.248(29) E2
21125 2f 0.415(48) E2
2626.9 1064.4 3t 27 0.057(14) 360112 +0.05*}¢ 0.011’ (7.4 x 1073
1498.8 25 0.72(18) +0.29413! 0.57%39 (31115 x 1072
2115.1 2f 0.228(57) +0.39472 0.055"52 (3.322) x 1072
+5.7% 0.40™2 (1.173% x 10
2647.0 737.5 @t 2r 0.047(14) 500t (E2) 12t
1089.4 3F 0.169(18) 6.0730¢
1417.7 4f 0.704(32) 6.8%55¢
2135.4 2f 0.080(16) (E2) 0.0991%
2699.7 302.1 6, 57 0.704(43)
393.5 47 <0.296
2705.2 998.9 1t 07 0.065(7) 145729 Ml (2.56"%) x 1072
1571.3 05 0.018(4) M1 (1.82*7) x 1073
1577.1 27 0.144(29) 2.8%%¢
21933 2f 0.508(26) 1.9+
2705.3 of 0.265(29) M1 (5.31) x 1072
2713.9 1156.2 3+ 37 0.421(27) 4007379 1417,¢
1484.6 4 0.208(17) 2.0%5¢
1585.8 2F 0.299(32) 2.01)2¢
2202.0 2f 0.071(15) 0.094+57¢
27373 659.7 (4) 4f 0.51(12)
1179.5 3F 0.270(63)
1508.0 4f 0.219(34)
2741.4 2741.4 1,2* 0/ 1.000
2747.7 247.7 3 3~ 0.162(17) 50011800
1518.5 4f 0.158(17) 1173
2235.8 2f 0.681(44) 0.71(71)¢
2752.6 668.1 ) 37 0.058(18)
674.9 4f 0.057(18)
1523.4 4f 0.89(12)
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TABLE II. (Continued.)
Ejever E, Jr J7 B.R. T Multipolarity B(E2) B(E1)/B(M1)
(keV) (keV) (fs) oré (W) (Waw)/(u3)
2757.1 391.0¢ S5te 57 0.041(2)¢
406.2 4 0.148(5)¢ —3.2(2)"
450.9 47 0.310(10)¢
474.1¢ 4f 0.010(1)¢ —4.01%°
680.2¢ 4f 0.017(1)¢
824.6 4f 0.170(6) —6.5(6)
1199.4¢ 3/ 0.124(6)¢
1527.8 4f 0.180(15)2 —2.46(9)*
2776.0 1213.5 (3,4) 2f 0.064(32) 2901330
1217.9 37 0.405(34)
1546.7 4f 0.136(29)
1647.8 25 0.322(69)
2264.1 2F 0.073(16)
2783.9 2272.0 2.3 2f 1.000 8177
2812.3 734.8 (6) 4f 0.161(51) (E2)
879.8 4f 0.237(52) (E2)
1583.0 4f 0.602(81) (E2)
2820.5 1258.2 2+ 2% 0.063(19) 29013° +1.47% 1.2+ 2.1742
+0.22%3! 0.08*¢! (5.973%) x 1073
1692.4 2F 0.095(29) —0.18(10) 0.021)! (3.7%38) x 1073
+41)2 0.617% (2.1182y 10~
2308.6 2f 0.550(40) +2.3675% 0.67%3% (1.3712) x 1072
—0.006" 0.00003*3* (8.7%3) x 1073
2820.5 0/ 0.292(33) E2 0.153729
2828.4 1266.1 (%) 2f 0.153(31) 300450 (E2) 43739
2316.6 2f 0.847(42) (E2) 1.1673;
2846.2 1283.9 2f 0.077(16) 30074°
1616.9 4f 0.923(89)
2850.8 918.4 3 47 0.081(16) 170737
941.3 2F 0.125(19)
1621.5 4f 0.662(34)
1722.6 25 0.132(27)
2860.3 775.8 37 1.000
2860.9 1302.9 (5%) 37 0.65(12) (E2)
1632.3 4f 0.352(82)
2875.7 1646.4 4f 1.000
2878.0 1315.8 2f 0.107(23) 80074300
2366.1 2t 0.893(86)
2878.4 1320.6 3f 0.093(13) 3801770
1649.1 4f 0.91(12)
2886.2 1758.1 (3) 2f 0.620(54) 32319
2374.4 2F 0.380(33)
2897.5 591.3 4,5~ 47 0.255(66) 3601530
813.7 37 0.156(26)
1668.1 47 0.589(45)
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TABLE II. (Continued.)
Eievel E, Jx Iz B.R. T Multipolarity B(E2) B(E1)/B(M1)
(keV) (keV) (fs) ord (W.u.) (W) /(13)
2902.5 1774.3 1,2+ 2f 0.158(25)? 8718
2390.6 2f 0.833(32)
2902.5 0f 0.008(3)"
2907.5 1678.2 4f 1.000 >270
2908.7 824.3 37 0.133(27) 3907450
1346.1 3f 0.074(22)
2396.7 2f 0.794(58)
2918.0 1355.7 2t 2F 0.034(10) 109717 1.975,¢
1360.2 3f 0.143(23) 7.713%
2406.1 2f 0.767(70) —0.047+; 0.005*% (2.877%) x 1072
+2.6673 2.09738 (3.67%) x 1073
2918.2 of 0.056(9) E2 0.067110
2935.5 1706.0 (3) 4f 0.130(21) 99°7
1807.3 2f 0.237(38)
2424.1 2f 0.633(45)
2968.5 2456.7 2f 1.000
2970.7 2458.9 2f 1.000
2976.7 476.9 3- 0.265(92) 12743
892.2 37 0.74(19)
3022.0 1792.7 4f 1.000 95™18
3037.3 1909.2 1 2f 0.190(97) 3515
3037.3 0f 0.810(93) MlorEl
3041.6 758.4 (6*) 4f 0.171(35) (E2)
1812.6 4f 0.829(61) (E2)
3054.4 1920.5 (1) 07 0.097(25) 9273
1926.3 2f 0.088(45)
2542.6 2f 0.734(74)
3054.4 (O 0.081(10)
3057.7 1828.4 3) 4f 0.596(62) 19078
1929.6 2f 0.198(62)
2545.8 2f 0.206(64)
3067.4 1939.3 2f 0.397(73) 210150
2555.5 2f 0.60(11)
3071.1 2559.2 2f 1.000
3083.3 1525.6 (3) 3f 0.40(11) 2401420
1955.2 2f 0.064(14)
2571.5 2f 0.538(62)
3097.5 1868.2 4f 1.000
3110.8 2599.0 1,2+ 2f 0.72(14)
3110.9 0f 0.277(53)
3121.3 2609.4 2f 1.000 1807.3°
3161.1 1076.5 2,3) 37 0.224(29) 7474
2649.3 2f 0.78(10)

034328-15



F. M. PRADOS-ESTEVEZ et al.

PHYSICAL REVIEW C 95, 034328 (2017)

TABLE II. (Continued.)

Eievel E, Jr J7 B.R. T Multipolarity B(E2) B(E1)/B(M1)
(keV) (keV) (fs) oré (W.u.) (Waw)/(u3)
3166.3 2032.4 1 05 0.300(56) 135179 MlorEl
2654.4 2f 0.32(10)
3166.3 0/ 0.377(49) MlorEl
3173.7 2045.4 2f 0.54(15) 3201700
2662.3 2f 0.465(81)
3215.0 1652.7 2f 1.000 29013%
32215 2093.4 2F 0.089(20)" 16074°
2709.6 2f 0.911(38)"
3249.6 3249.6 1,2% 0/ 1.000 28(4)
3250.5 2738.6 2F 1.000 43t
3272.9 3272.9 1,2* 0/ 1.000 12(3)
3274.4 2762.5 2f 1.000
3300.2 1737.9 1,2+ 2F 0.126(22) 103435
2172.1 2F 0.467(83)
2788.4 2f 0.160(50)
3300.4 0/ 0.247(44)
3321.4 2809.5 2f 1.000

2From Ref. [20].

bCalculated from the B(E2) for the 37 — 27 from Ref. [11].
“Calculated assuming pure E2 multipolarity.

dCalculated from the B(E?2) for the 25 — 0F from Ref. [8].
¢From Ref. [21].

"The lifetime and angular distribution for the 1988.3 keV y ray do not agree with those for the other branches from the 2499.9 keV level.
However, the 1988.0 keV y ray is seen in coincidence with the 476.9 keV y ray from the 2976.7 keV level, indicating that it is a doublet.

¢From Ref. [22].
"From Ref. [23].

Excitation Energy (MeV)

ot

FIG. 5. Levels, spins and parities, and E2 transition probabilities
in W.u. (given in boxes) in 'Pd. See Table II for more detailed
information.

Our leading conclusion is that, contrary to the implications
of these calculations, “mixed-symmetry” collectivity does not
play a significant role at low energy in '°Pd. Indeed, the
mixed-symmetry strength in '°Pd has been observed above
3 MeV [31].

C. Band structure in '“Pd

In the study of EO transitions in 106pq 1107, large p*(EO)
values provided evidence for shape coexistence, extending
the observation of such structures to the N = 60 isotones and
leading to the determination of EOQ strength between levels
with K = 2. (K is not a good quantum number in nuclei
with modest deformation, but it serves as a convenient label.)
Low-lying K = 0 and K = 2 bands were identified and are
extended in the present work. The lowest-lying of these bands
are shown in Fig. 5.

The ground-state band has been characterized in Coulomb
excitation [8] and in-beam studies with heavy ions [21,32],
but only the lowest members of the band are populated in the
INS studies. The character of the K = 2 band has become
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TABLE III. Comparison of B(E2)s in W.u. in '%Pd with predictions of various models.

B(E2) sum Experiment Vibrational Gamma-soft rotor Triaxial rotor IBM2
2t — 0F 46113 62 0 0

22+ — 27 2079, 253 0 0

T4+ - 2F 3578 69.2 39 17 40
237 — 27 18(4) 94.8 53 79 53
¥2F — 4F 1618 45.6 0 0

T4F — 4 237¢ 63.3 35 12 28
¥3+t - 4 8*2 38.1 21 41 17

clearer with the identification of additional band members
and crossover transitions, and the pattern of interband EQ
strength [10] indicates shape coexistence between the lowest
K = 0 bands.

Additional K = 0, 2, and 4 bands are suggested in Fig. 6.
Not shown in this figure are 0" states at 1706, 2278, and
2624 keV, which are likely band heads. Only in the case of
the 1706 keV 07 state has a tentative 2T member of the band
been identified at 1910 keV [10]. Of the positive-parity states
below 2.4 MeV, only the 4™ state at 2078 keV could not be
placed in a band. This state may be a hexadecapole excitation
corresponding to those seen [33] in the heavier stable Pd nuclei
near this excitation energy. It was likely obscured by the
strong excitation of the nearby lowest negative-parity state,
3~ at 2084 keV, in inelastic proton and deuteron scattering
measurements [33].

3 (63) 2812

53

B 57 2366 4%

D. Negative-parity states

In addition to the previously mentioned 2084 keV 3~
state, the octupole phonon, several additional negative-parity
states are observed above 2 MeV in excitation energy. In
other nuclei in this mass region, the coupling between the
quadrupole and octupole phonon states (2] ® 3) leads to
a quintuplet of negative-parity states with spins between
17 and 57, lying near the summed energy of the phonons
[E(2T)+E(31_)]. These states are expected to decay by
enhanced E2 and E3 transitions, which correspond to the
destruction of the respective phonons. While negative-parity
states in the expected energy region have been assigned, i.e.,
2306 keV (47),2397 (57),2401 (27,37), 2485 (1)), and 2500
(37), and most exhibit decays to the 2084 keV 3~ state, the
decays of none of these states are remarkably enhanced; thus
it is difficult to comment on their underlying nuclear structure.

(63) 3041

2757

3% 2591

2351 4% 2283 . 2t 2309

N
@) 67 2077
= ol — 4% 1932
— e
St
> 3+ 1558
et - —
Sa)
< 41 1229
Jc—ui e
s 1 K=2
Q
A

2f 512

of 0

0— I
K=0

K=4 —
K=2 0F 2002
K=0
23 1562
07 1134
K=0

106Pd

FIG. 6. Levels in '®Pd shown as K = 0, 2, and 4 bands.
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IV. CONCLUSIONS

In summary, inelastic neutron scattering has been used
to determine level lifetimes, spins, branching ratios, and
multipole mixing ratios for transitions from all known positive-
parity states in '°°Pd up to 2.4 MeV. The B(E2) values for
transitions from these states have been determined and provide
an unprecedented view of collectivity in this nucleus. To
further test this view, it will be necessary to observe low-energy
y rays between high-lying levels, i.e., in-band rotational
transitions. This is not possible with (n,n'y) measurements
because the low-energy y rays are absorbed in the necessarily

PHYSICAL REVIEW C 95, 034328 (2017)

massive scattering samples, but B-decay studies are well
suited [34] to this task and should be pursued.
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