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Abstract Lifetimes of excited states in 92Dy were mea-
sured using the (n,n’y) reaction with the Doppler-Shift
Attenuation Method (DSAM) at the University of Ken-
tucky’s Accelerator Laboratory. A total of eighteen level life-
times were obtained, including eleven negative-parity states,
seven of which are new. These measurements significantly
expand the experimental database of transition probabilities
for negative-parity bands in the well-deformed rare earth
region of nuclei. The extracted B(E1) and B(E?2) values
reveal enhanced interband E1 (1073 or 10~%) W.u. and E2
strengths (several W.u.) between negative- and positive parity
bands, particularly for the K* = 2], bands decaying to the
the K™ = 2?,‘ band, consistent with signatures of octupole-
quadrupole coupling. In contrast, the K* = 0; and K™ = 15
bands, which exhibit strong E1 transitions to the ground
state band, are indicative of octupole-vibrational excitations
built on the deformed ground state. Comparison of transition
rates with Alaga rules supports this interpretation and dis-
tinguishes collective excitations from likely quasi-particle
states. These new results establish 192Dy as the most exten-
sively characterized rare-earth nucleus for negative parity
lifetimes and provide critical experimental benchmarks for
theoretical models.

1 Introduction
Nuclear structure is focused on building a coherent frame-
work for describing the properties of nuclei. There have been

significant advances in studying and characterizing proper-
ties of nuclei; however, challenges remain. One of those chal-
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lenges revolves around the determination of the viability of
the nucleus to sustain single or multiple quanta of vibrational
oscillations superimposed on an equilibrium deformed shape
of the nucleus. Typically, enhanced transition probabilities
between excited bands and the ground state bands, indicate
common components in the wave functions of the excited
states with the ground state.

In phenomenological or geometric models, the low-
est vibrational shape affecting excitations are (A = 2)
quadrupole or (A = 3) octupole modes with predictions
for the behavior in excitation energy ratios, and transition
probabilities connecting them to the ground state band for
single or multiple phonons. Extensive sets of lifetime mea-
surements have been presented [1-3] for the low-lying posi-
tive parity excitations in 92Dy, but far fewer level lifetimes
exist for the negative parity states. A recent review addresses
vibrational aspects extracted from lifetime and transfer reac-
tion measurements [1] for the positive parity levels in com-
parison with several models. However, much less informa-
tion has been available for the lifetimes of the negative par-
ity states and the discussion of octupole (37) vibrational
oscillations. Octupole oscillations (A = 3) of a spherical
nucleus or octupole-deformed nuclei have been identified in
the actinides [4—6] and in the spherical/transitional nuclei
(and in extremely neutron-rich '#*Ba) [7,8] by the observa-
tion of strong E3 transitions to the ground state. A recent
study even reported on the identification of quadrupole x
octupole states in the 2°®Pb nucleus at 3.6 MeV [9]. In well-
deformed nuclei, octupole vibrational modes are less well
understood since the correlation of octupole and quadrupole
oscillations are difficult to address microscopically, geomet-
rically, or algebraically. An octupole phonon or oscillation
with A = 3isexpected to splitintoK* =07, 17,27, and 3~
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excitations in the low lying spectra of deformed nuclei. The
splitting and/or fragmentation of the octupole modes present
distinct challenges. Complexities arise from the deformation
of the ground state and the superposition of octupole and
quadrupole oscillations. K-forbiddenness plays a role for the
quartet of negative parity bands and the experimentally mea-
sured hindrances of transition probabilities or B(E1) val-
ues for the AK>1 [8] bands in individual nuclei, but the
full systematic evolution of any octupole strength across the
range of fragmented negative parity states is yet to be estab-
lished. Mean field and beyond calculations have shown soft
octupole deformations near closed shells in the rare earth
region that decrease with increasing quadrupole deforma-
tions [10]. Calculations [4,11-13] of collective Hamiltonians
for the rotation-vibration motion of nuclei include interplays
of quadrupole, B>, and octupole, B3, degrees of freedom in
the rare-earth region for deformed nuclei such as 1>+ 18Gd
and 15Dy with enhanced E1 transitions between positive
and negative parity states. The coupling of octupole and
quadrupole vibrations have been reported in K™ = 27 —
K™ = 2 transitions (in the form of a 2 ® 3~ phonon cou-
pling) andJ* = 1~ states are interpreted as two-phonon exci-
tations due to the coupling of octupole J* =37, K" =17)
and quadrupole y-vibrations (J* = 27, K* = 27) in this
nucleus [14] and several nearby cases [15,16], which mir-
ror and expand upon the feasibility of multi-phonon states
in deformed nuclei [17,18]. B(E3) values however are gen-
erally lacking, as well as extensive sets of lifetime measure-
ments of negative parity levels. The recognition of enhanced
El transitions is fairly new and distinctly contrasted with the
historical notion of octupole collectivity built on the ground
state. Comparisons with data for this complex situation are
limited. Although extensive studies have been undertaken
on the low-lying structure of 192Dy [2,3], there were only a
handful of lifetime measurements of negative parity levels to
ascertain the nature of the observed bands and the role of E'1
transitions connecting the negative and positive parity states.

In this work, we report on the measurements of a large
number of negative parity level lifetimes in 92Dy using the
(n, n’y) reaction and the Doppler-shift attenuation method
at the University of Kentucky. The newly measured level
lifetimes include eighteen in total. These include eleven life-
times (7 new) for negative parity states and seven for levels
of unknown parity.

2 Experiment

Levels in '2Dy were excited using quasi-monoenergetic
neutrons from a primary 3H(p, n) reaction at the Univer-
sity of Kentucky Accelerator Laboratory (UKAL). Measure-
ments included a y-ray excitation function and angular dis-
tributions measured with the '92Dy(n, n’y) reaction using a
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96.17% enriched scattering sample of 92Dy oxide powder.
The 24.0 g scatter sample was contained in a thin-walled
polyethylene cylinder 7.62 cm high and 3.81 cm in diam-
eter. The emitted y rays were detected with a 50% relative
efficiency HPGe detector with time-of-flight gating for back-
ground suppression and a BGO shield for active Compton
suppression [19].

The excitation function for this reaction was performed in
75 keV steps from E, = 1.4 — 3.1 MeV with the detector
placed at 90° with respect to the beam axis and used to con-
firm the established level scheme by checking the threshold
of y rays which have already been placed. These excita-
tion functions provide y-ray yields as a function of neutron
energy. Angular distribution measurements were performed
at incident neutron energies of 1.6, 2.2, and 3.1 MeV over an
angular range of 40° to 150°. These neutron energies were
chosen to reduce feeding to the levels of interest to promote
accurate lifetime measurements. The angular distributions
of the y-ray intensities, W(6), were fitted with even-order
Legendre polynomials:

W(0) ~ ap[1 + axP2(cos 01ap) + a4P4(cos 04p)] (1

where the parameters ay and a4 depend on the multipolari-
ties and mixing amplitudes of the transitions. Multipolarity
information (namely multipole mixing ratios, §) for mixed-
multipolarity transitions can be extracted from angular dis-
tribution coefficients using a statistical model code calcula-
tion [20]. The angular distributions also yield lifetimes of
excited states shorter than about 1 ps [21] as determined by
the Doppler shift attenuation method (DSAM), a technique
that exploits the fact that any emitted radiation from a recoil-
ing nucleus will be energy shifted with respect to the labo-
ratory angle of observation. The y rays have energies with
angular dependence:

Ey,(0) = ES[1 + BF (1) cos(6)] )

The de-exciting y rays will be Doppler shifted linearly as a
function of cos(6), the unshifted y -ray energy E7, the recoil
velocity of the decaying nucleus B, and a lifetime attenu-
ation factor F(t), which depends on the nuclear stopping
power [21]. A detailed analysis of the uncertainties associ-
ated with the nuclear stopping power is discussed in Ref. [21].
By examining the energy of a y ray as a function of angle, the
F(t) value can be determined using the Winterbon formal-
ism [22], and the lifetime of the state, T, can be extracted [23].
Examples of y rays and associated lifetimes are shown in
Fig. 1. Lifetimes determined using y rays arising from the
same level must match within experimental uncertainties,
providing additional consistency tests of placement and aid-
ing in the assignment of y rays to specific levels.
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Fig. 1 Examples of Doppler energy shifts for two y rays observed in
the 192Dy (n, n'y) reaction. The E, = 1252.7 keV shows a slight shift
with a long lifetime while the E,,=1195.1 keV shows a shorter lifetime

3 Results

We report on eleven negative and seven levels of unknown
parity in '92Dy. Fourteen of the levels are new (7 negative)
and measured for the first time. Previously reported litera-
ture values are given in ENSDF [24]. Table 1 reports the
levels with observed lifetime values from our work or those
discussed in this paper. The reported information includes
the y rays observed, F(t) values and associated level life-
times in femtoseconds, measured relative intensities, and y -
ray energies in keV. Multipole mixing ratios () are included
when available. In some cases, our experiment would not
allow differentiation of a previously observed y ray from a
background line. However, transitions and their intensities
reported by ENSDF [24] were included when calculating the
transition probabilities of all levels of interest with known
lifetimes as reported in a separate table (Table 2). We have
deliberately kept the transitions and lifetimes measured from
our experiment and those reported by ENSDF separated in
these two tables. In some cases, these include transitions that
were too weak to be observed by our experiment, or they

are strong transitions that lie on a complicated background
set of lines (for example, the 543.1 keV line depopulating
from the 1691.4 keV level), but they were seen in previous
experiments and included in the evaluated data. All transition
probabilities were calculated using TROPIC [25].

3.1 Negative parity bands

Direct measurements of E3 transitions are difficult since the
y-ray intensities are small. Measurements of E1 transition
probabilities were always significantly lower than the the-
oretical Weisskopf estimates. B(E'1) transition probabilities
can range from 10710 to 1 W.u. Some decades ago, the E'1
transitions were typically discussed in the context of giant
resonances or reflection-asymmetric shapes and they were
well established in the actinides. Butler and Nazarewicz [26]
and many others afterwards, had suggested that enhanced
B(E1) values may in fact be related to the coupling of low-
lying octupole one-phonon states to the quadrupole deformed
states rather than the presence of reflection asymmetries. The
assignments of B(£1) values in the milli-Weisskopf range
from negative parity states became accepted as enhanced and
a signature of single octupole phonon excitations couplings
to quadrupole deformed states. It had been also shown [27]
that AK values also have a role in the enhancement or
retardation of B(E1) values. B(E'1) values connecting states
with AK = 0 are the most enhanced and decrease in sev-
eral orders of magnitude as AK increases. The discussion
is ongoing regarding the use of enhanced E1 transitions
as signatures of octupole-quadruple correlations. Measure-
ment of large B(E 1)s are not considered the “smoking gun”
of octupole deformation, but are still indicative and critical
in the determination of similar wave function components
among strongly connected states or any single and/or double-
phonon octupole characteristics in deformed nuclei [28].
Efforts have been ongoing to expand the lifetime informa-
tion for negative parity states in the Dy isotopic chain. As of
the most recent ENSDF evaluations, there are currently 4 life-
times listed for '°Dy [29] and 9 for '6>Dy [24]. For %Dy,
level widths have been measured through photon-scattering
experiments for 6 1~ states from 1.6 MeV to 4 MeV [30,31].
A recent photon-scattering study measured level widths for
32 additional 1~ states from 4 to 5 MeV [32]. In this work,
we measured 11 lifetimes of negative parity states where 7
are measured for the first time. The lifetimes and the resulting
transition probabilities represent an extensive set of E'1 tran-
sitions connecting the positive and negative parity states in
162Dy providing the foundation for identifying major wave
function components and the possibility of distinguishing
between quasi-particle excitations and collective states. All
observed transitions from negative parity bands are shown in
Figs.3 and 4. An octupole vibrational excitation (A = 3) is
expected to fragment into a quartet of states with K*=0",
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Table 1 Level energies (keV), y-ray energies (keV), intensities, level
F(t) values, mean lifetimes (fs), and multipole mixing ratios, §,
observed in the current '2Dy(n, n’y) experiment. The literature life-
times, Tj¢, are from Ref. [24] unless otherwise noted. The ground-state

band members are noted using “g” and y rays which cannot be sepa-
rated from multiple groupings are considered multiplets and noted. The
quoted uncertainties on the lifetimes are only statistical

Eiev (keV) E, (keV) KIJT KL L Gel)  F(r) T (fs) i (fs) Ref. [24] 6 Notes
1148.27(11)  260.16(21) 2727 2tay 100 - - 300(60) x 10°
1209.98(8) 247.25(21) 2737 2835 100D 0.052(30) 310075700
322.0121) 2t 2% 15(1)
944.43(9) 0t4F  s6(1)
1129.41(9) 0.2F 100(2)
1275.73(9) 1195.11(9) 0p.1=  0t2f 100(2) 0.568(28) 120(10) 29(6)
1275.82 0+,05 <65 !
1297.02(16) 236.09(21) 274 2t 48 18(1) 0.103(49) 1400713° -
334.15(21) 2135 100(2)
1357.86(11)  1092.27(9) 0037 0t4l 752 0.612(43) 100(20) <210 2
1277.33 0+.2F <100 !
1390.53(12)  1124.94(9) 2757 0t4f 100 0.090(82) >920 -
1485.71(10)  937.23(8) 5757 0tef 352 - - <2910 3
1220.16(8) 0t4f 100(3)
1518.39(10)  970.01(9) 075~ 0F6f 420 0.372(41) 270*5 < 190
1252.74(9) 0t4f 100(2)
1570.76(16)  212.89(20) 3737 073 59Q2) - - -
295.23(20) 0,1~ 100(2)
1637.19(11)  427.62(50) 17,17 2737 <16 - - - !
489.05(6) 27 .2” >11.1
1556.53(6) 0t2;  >725
1669.1324)  311.27(21) 3747 073 100 0.289(116) 440733 -
1691.38(12) 415.57 17,27 07,1- <93 - - - 45
728.50(9) 2735 100(2)
1739.01(9) 529.06(9) 1737 273 100(2) 0.107(98) >740 - 1.4(2)
590.74(9) 272" 37(2) 12793
678.12(9) 24f 6302
1473.36(9) 0t4r 661
1862.96(22)  327.13(20) 4-47 44t 100 - - 1580 — 2860
1863.82(9) 900.91(9) 2,27 2R3 34D 0.297(35) 420140 -
975.65(9) 2+ 2% 100(2)
1910.46(9) 947.51(10) 2,37 2835 1002 0.250(63) 550135 250 — 300
1022.32(9) 2728 81
1973.05(10)  912.09(10) 2,47 2t4f 332 0.205(53) 7801330 -
1010.19(9) 235 100(2) -
2148.47(50) 2067.86(50) Q) 0.2F 100 0.048(26) 320073500 -
2313.81(50)  2233.20(50) 0t.2F 100 0.133(48) 12007529 -
2339.31(73)  2339.29(73) 0+.0f 100 0.285(67) 4801330 -
2386.54(50) 2305.93(50) 0.2F 100 0.217(53) 7101359
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Table 1 continued

Ejev (keV) E, (keV) K7 .Jr K}T-,J’]Tr I, (rel) F(7) T (fs) 71it (fs) Ref. [24] ) Notes

2488.05(77) 2407.44(77) 0t.2f 100 0.270(52) 5201190 -

2505.78(49) 2240.40(90) 2" 04 100(3) 0.500(32) 160(20) - 6
2505.66(59) 0*.0f 98(4)

2509.49(68) 2428.88(68) 025 100 0.361(50) 2901400

! This y ray is embedded in a multiplet in the (1, n’y) reaction

2 The intensity of this y ray was scaled with respect to the intensity of the multiplet

3 Ref. [24] lists T} ,2=1.92(11) ns, obtained from a B-decay study, as the recommended value for the lifetime of this level. It is possible that the
extracted lifetime from the S-decay might have depopulated a different level or involved two y rays that could not be resolved. We have adopted
the value reported by Ref. [3], which was measured using the high precision GRID technique

4 Ref. [24] lists that the 543.11 keV y ray from this level has the strongest intensity. However, it was mixed with background lines on top of a
neutron bump in our work. Therefore, we have decided to omit this y ray from this table

3 This y ray is mixed with a background line in this work. The intensity of this y ray was scaled with respect to the the 728.5 keV y ray

6 The spin and parity of this level could not be confirmed directly. However, the observed depopulating transitions to a 4* and a 07 state, along

with the measured lifetime suggest that this level is likely a 2+

Table 2 Transition probabilities calculated for bands of interest in
162Dy, All transition probabilities were calculated using TROPIC [25].
The ground-state band members are noted using “g.” Level energies
(keV), y-ray energies (keV), intensities, level lifetimes (fs), M1/E2
mixing ratios (§), and relative intensities are from this (n, n'y) work
and reported in Table 1 unless noted. If y rays from previous mea-
surements are added to the level, the relative intensities are adopted
from that reference and normalized with the intensities of the observed

transitions. Conversion coefficients (o7) and assigned multipolarities
are from Ref. [24]. For mixed transitions (M 1/E?2) without a known
mixing ratio (§), the B(E2) value is reported assuming 100%E2. The
B(E?2)s are reported in W.u. where 1 W.u. = 5.2461 x 1073 e2b%. The
B(E1)s are reported in W.u. where 1 W.u. = 1.9155 x 1072 e2b. When
our lifetime measurement provided a limit, we adopted the literature
lifetime from Ref. [24] and denoted with a T

E; (keV) J7 E, (keV) Ky J?, Ef (keV) I, (rel) or T (fs) b4 B(E1) or B(E2) Notes

K™ =27

114827 2= 18529 2 37 963 20.08)  0.0595 300(60) x 1037 E1 28700 x 1073 1
260.16 2 2f 888 100(2) 0.0246 El 50115 x 107
106755 0 25 8l 0.70(2)  0.00111 El 50010 %1070 !

1209.98 37 149.10 2 4 1061 4.4(1) 0.1059 310015700 El 753 x 1074 !
247.25 2 35 963 10(1) 0.0281 El 38732 %1074
322.01 2 2f 888 15(1) 0.01444 E1l 2619 %1074
944.43 0 4F 266 56(1) 0.00153(18) El 38727 % 1077
112941 0 2f 81 100(2) 0.00102(7) El 39728 % 1073

1297.02 4= 8692 2, 37 1210 0.42(3)  4.1(6) 1400713° M1/E2  (See9) !
114.24 2 55 1183 5.9(4) 0.216 El 7030 x 1073 !
236.09 45 1061 18(1) 0.0316 El 24710 x 1073
334.15 35 963 100(2) 0.01319 El 48130 x 1073
1031.36 4F 266 2.8(1) - El 452 %1070 !

139053 5~ 180.41 2, 37 1210 0.14 0.334(5) >920 E2 <90 !
329.52 2 45 1061 4.13(9)  0.01364 El <3.1x1074 !
841.99 6f 548 37.111)  0.00173 El <1.7x1074 !
1124.94 4F 266 100(3) 0.00101 El <1.9x107*
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Table 2 continued

Ej (keV) J7  E,(keV) Ky J}  EjkeV) I (rel) ar T (fs) e B(El)or B(E2)  Notes

K™ =07

127573 1= 119511 0 25 81 100(2) 923 x 107*  120(10)  El 9.211% x 107
127581 0 0F 0 734(19)  8.61 x 107* El 56708 1074 2

1357.86 3~ 109226 0 4F 266 72(5) 0.00106 10020)  El L1f)4x 1073 3
127727 0 2f 8l 100.0(19)  8.60 x 107* El 92730 x 1074

151839 5~ 160.49 01 3= 1358 0.62(4) 0.499 27075 E2 (See b) 1
457.49 2 45 1061 0.15(4) 0.00628 El 13708 x 1075 !
970.01 0 65 548 42(1) 0.00132 El 3905 x 107
1252.74 0 4 266 100(2) 8.76 x 1074 El 43411 x 1074

K™ =57

148571 57 95.16 21 5T 1391 2.02) 3.003) <2910  MI1/E2  (See®) !
161.21 2 67 1324 0.29(2) 0.0860 El >4.5x1073 !
188.66 21 47 1297 3.8(5) 0.350(14) 0.89(19)  >150 !
275.58 21 37 1210 3.05(8) 0.0839 E2 >62 !
302.91 2 55 1183 1.26(3) 0.01679 El >3.1x1073 !
424.68 2 4f 1061 1.51(8) 0.00745 El >1.3x1073 !
937.23 0 65 548 35(2) 0.00141 El >2.8x1077
1220.16 0 4F 266 100(3) 9.01 x 107* El >3.7x1073

K™ =37

1570.76 37 21298 0; 37 1358 59(1) 0.269(6) - 047(7) - 4
295.23 0 17 1276 100(2) 0.0678 E2 -
360.82 21 37 1210 2.5(1) 0.065(5) <0.64 - !
422.69 2 27 1148 3.5(4) 0.0238 E2 - !
682.77 2 2f 888 0.6(3) 0.00263 El - !

1669.13 4~ 98.18 3 37 1571 0.17(6) 2.71(20) 4400570 MI1/E2 (See?) !
150.65 00 5 1518 15.3(4) 0.689(12) 0.92(9)  (See®) !
278.57 2 5T 1391 10.4(2) 0.134(5) <0.39 <330 !
311.27 0, 37 1358 100(5) 0.1024 M1 -
372.07 21 47 1297 4.6(1) 0.061(3) <0.48 <49 !
459.00 21 37 1210 8.8(11) 0.0370 M1 - !
486.32 2 sF 1183 1.7(3) 0.00547 El 5988 %107 !
520.89 2 27 1148 0.61(11)  0.01363 E2 3.0 !
140325 0 45 266 23(8) 8.13x 107* El 3379 %1075 !

K™ =1y

1637.19 17 279.27 0, 37 1358 1.2(3) 0.0805 - E2 - 5
361.42 0, 17 1276 6.4(8) 0.053(16) M1/E2 -
427.11 2, 37 1210 14.7(8) 0.0231 E2 -
488.96 2 27 1148 154(12)  0.0238(77) M1/E2 -
1556.50 0 2k 81 100(14) 8.12 x 107 El -
163732 0 of 0 24(2) - El -
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Table 2 continued

Ej(keV) JT  E,(keV) Ky J;  EfkeV) I, (el) ar 7 (fs) e B(El)orB(E2)  Notes

169138 27 39433 21 47 1297 12.16)  0.0289 - E2 - !
415.57 0, 17 1276 56(4) 0.036(12) MI1/E2 - 2
728.50 2 37963 98(1) 0.00231 El -

1739.01 37 168.09 3 37 1571 2.503) 0.528(23) >740 <0.73 <520 !
348.49 21 57 1391 5.1(13)  0.0412 E2 <89 !
381.07 0, 37 1358 4.4(3) 0.051(7) 0.7(4) <23 !
441.99 21 47 1297 5.003) 0.034(5) 0.7(4) <12 !
463.22 0, 1= 1276 13(1) 0.0185 E2 <48 !
529.06 21 37 1210 1002)  0.0257 1.4(2) <130
590.74 2 2- 1148 37(2) 0.0147(48) 12793 <29
678.12 2 4F 1061 63(2) 0.00267 El <32x107%
147336 0 4k 266 66(1) 8.07 x 107 El <32x107°

K" =47

1862.96 4~ 22826 4 5t 1634 1042)  0.0345 1716 El 9.0"11 x107* 1o
327.13 4, 4+ 1536 100(13)  0.01390 El 29703 x1073
377.02 51 57 1486 1.58(7)  0.047(15) M1/E2 1073 !
652.58 21 37 1210 21.0(6)  0.00782 E2 8.7 !
714.44 21 27 1148 50(7) 0.00633 E2 1315 !

K" =25

1863.84 2~ 588.8 0 1 1276 10(4) - 42002 Mm1/E2 25TE !
652.1 24 3= 1210 15(3) - Mi/E2  23t1 1
900.91 2 3F 963 34(1) - El 1.8%07 x 107
975.65 2f 888 1002 - El 41113 %1074
1782.8 0 2880 43(5) - El 32119 % 1073 !

191048 3~ 55249 0, 37 1358 L.0(1) 0.0174(57) 550135 M1/E2 2.1 !
849.44 2 4r 1061 80(2) 0.00170 El 3.01 0 x 107 1
947.51 2 37963 1002)  0.00138 El 2715 x 107
102232 2 25 888 81(2) 0.00120 El 1750 % 1074

1973.09 4~ 678.05 21 37 1210 82(8) - 780%3%0  mi1/E2 53%3) !
912.09 2 45 1061 33(2) - El 8.5735 x 1073
1010.19 2 35963 1002) - El 19102 x 107

K™ = unk

25204 1= 2440 0 2k 8l 100 0.00114 1Dt El L1t <1072 7
2520 0 0of o 84(6) 0.00118 El 8512 x 1074
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Table 2 continued

E; (keV) 7 E, (keV) Ky A Ef (keV) I, (rel.) ar T (fs) ol B(E1) or B(E2) Notes

K™ = unk

2929.4 1- 2849 0 2F 81 56(8) 0.00132 29(3)f El 1.8%0¢ x 107 7
2929 0 0o 0 100 0.00135 E1l 29753 x 107

! This y ray was not observed in this work, therefore the energy and intensity were adopted from Ref. [24].

2 As this is a multiplet in our work, the energy and intensity of the y ray was adopted from Ref. [24].

3 Both y rays from this level were observed in this work, but the one with the stronger intensity was a multiplet. Therefore, all information for this
level was adopted from Ref. [24].

4 This y ray was observed in this work, but a mixing ratio was not measured. Therefore, all information (energy, intensity, and mixing ratio) was
adopted from Ref. [24].

3 Three y rays from this level were observed in this work, but one of them was a multiplet and the intensities were only available as limits. Therefore,
all information for this level was adopted from Ref. [24].

6 The lifetime of this level was measured using the GRID method by Ref. [3], which reports lifetimes as a range. We adopt the T = 0.6,
convention used in the publication, following the approach originally introduced by Ref. [37].

7 This level was not observed in our work. All information was adopted from Ref. [24] and used here for completion.

¢ A mixing ratio is not listed and there are no additional notes about this y ray in Ref. [24]. However, a calculation of the B(E2) value (assuming
pure E2) using all available information results in 7.13:3 x 10> W.u. Considering the measured lifetime and the RUL (1000 W.u.), the mixing
ratio would be § < 0.4.

b This y ray can only be pure E2 and there are no additional notes about it in Ref. [24]. However, a calculation of the B(E2) value using all available
information results in 2.3Jj8:§ x 103 W.u., calling this y ray into question.

¢ A mixing ratio is not listed and there are no additional notes about this y ray in Ref. [24]. However, a calculation of the B(E2) value (assuming
pure E2) using all available information results in >7.6x 10> W.u. Considering the measured lifetime and the RUL, the mixing ratio would be
3 <04.

dA mixing ratio is not listed and there are no additional notes about this y ray in Ref. [24]. However, a calculation of the B(E2) value (assuming
pure E2) using all available information results in 3.5fg‘g x 103 W.u. Considering the measured lifetime and the RUL, the mixing ratio would be
3 < 0.6.

¢ There are no additional notes about this y ray in Ref. [24]. However, a calculation of the B(E2) value using all available information results in
1.7‘_?:(3) x 10* W.u., calling this y ray into question.

17, 27, 37 in the low-lying spectra of well-deformed Each state is strongly connected within the band and with
nuclei. The ordering of the negative parity bands in 92Dy collective transitions to the y-vibrational states. This highly-
is difficult to predict apriori with modern models [2]. We  favored trend of y rays to the K” =2;/|r band is difficult to
observe the following bandheads from lowest to highest in ignore in the face of large B(E 1) values of 105 in compari-

the excitation spectrum of 192Dy, K™=21", K"=07, K™=3],  son with 10~ to the ground state. B(E1) values from the 3~
K"=17, and K"=2 at 1148.4, 1275.5, 1570.9, 1637.2, and  member to the K* =2;“ band members are one order of mag-
1863.8 keV, respectively. nitude higher than those to the ground state. The 4~ state of

the same band shows three orders of magnitude preference to

the K™ =2;/F band over the ground state. The B(E'1) values are
3.1.1 K*=2] Band at 1148.4 keV essentially the hindrance factors [27] for this set of AK =0

transitions to the K™ =2;‘. From each level of this band, the
We are immediately presented with some of the limitations ~ preferential decay is to the y band and the B(E1) values
of DSAM in our measurement of the lifetime of the bandhead ~ are orders of magnitude higher than those of the AK = 2
of the K"=2" at 1148.4 keV. Lifetimes of the 37, 4~, and transitions to the ground state. Pascu [15] stresses the impor-
5~ members of this band have been measured in this work. y  tance of this preferential K* = 27 — K" = 27 decay in
rays can be heavily attenuated by the scattering target; while ~ nearby nuclei via the measurement of direct E3 radiation
we correct for this  absorption in the peak area, lifetimes ~ as a potential octupole-quadrupole coupling; however, this
from the Doppler shift of y rays with energies below 500 keV ~ decay pattern could be a product of K-forbiddenness, as any
are difficult to extract. Normally, DSAM measurements are  decays to the ground state involve AK=2 versus the AK=0
reported at the lowest possible bombarding neutron energy, ~ transitions to the y band. We also mirror these same concerns
but due to this attenuation of low-energy y rays, amore pre-  on the continued study of interband decays in the rare-earth
cise measurement of the lifetimes in this band is taken from  region to fully understand this band; B(E3 : 57 — 2;)
the 2.2 MeV bombarding neutron data set. The vast majority ~ strengths would be remarkably useful in this aspect. This
of observed transitions displayed negative (or consistent with ~ study of 192Dy offers some distinct challenges in terms of the
zero within 1o uncertainty) F(t) values. detection of radiation for low-lying excitations; for example,

@ Springer
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Table 3 Comparison of E1 and E2 transition probabilities from the
various K bands with the Alaga rules. Uncertainties were obtained by
using the upper and lower bound values of each transition probability
from Table 2 to obtain the highest and lowest possible ratios and finding
the difference between them and the nominal value. The K*=0;" and
the K™=15" bands are collective excitations built on the ground state of

162Dy, The K™ =2| and the K"=2, bands are excitations built on the
K" :2;' band with excellent agreement with Alaga rules. The K*=1}"
band has enhanced B(E2) transition probabilities to both the K*=2"
and the K”=0; bands, but the Alaga ratios show that it is not an exci-
tation built on either band. The ground state band members are noted

TPt}

using “g

J~>J}

I (n,n'y) Alaga Notes
K7=2; i::g 1.5H49 1.4
j::g 0511 0.6
K7 =07 : i::g 16403 2.0
% 121407 13
% 0.9+07 1.2
Kr =25 = 04703 05
z::‘g L1H)3 13
;::g 1622 1.4
= 0.4+ 0.6
K7 =37 (oK™ =2)): e >0.1 0.8 !
j:j;‘:: 0.1 12 2
KT =47 (oK™ =47): j::j:i 0.3(1) 03
KF = 4] (t0K" =27): e 0.7(3) 0.6
KT =17 (to K™ =27): 2::2: 7.4 13.9 2
z::;‘i: 0.09 0.14 2
z::;:: 45 1.2 2
KT =1 (to K™ = 0)): et 0.5 0.15 2
KF =15 1::(25 13106 0.5 3
K7 =15 1::3 0.6104 0.5 3

! The B(E2: 4~ — 47") used for this ratio is an upper limit. We have expressed this ratio as a lower limit
2 Both transition probabilities used for this ratio are upper limits. We report a ratio obtained from taking the nominal value of each transition

probability

3 The K value of this state is unknown. However, for the purpose of comparing with the Alaga rules, we have assumed this state to be Kf=1"

measurement of the interband 27 — 3;" transition lies at
185 keV, placing it directly in conflict with our most strongly
populated 4 — 27 transition. This experimental challenge
is beyond the scope of the y-ray-singles-based experiments
performed in this work at UKAL, and would require coinci-
dence measurements to observe those y rays.

3.1.2 K*=0{ Band at 1275.7 keV

We have measured lifetimes for the 17, 37, and 5~ members
of the K”=0;" band, currently assigned as the single octupole
vibration in 62Dy from literature B(E3 : 37~ — 07) mea-
surements ranging from 9.6 — 32.7 W.u. [33,34].

As noted in Table 1, our level lifetime of 120(10) fs for the
1~ bandhead (shown in Fig. 1) differs from the ENSDF value
of 29(6) fs, which was calculated from the direct B(E1)1

@ Springer
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Fig. 2 Dynamic moments of inertia for the ground state and K™ =0
bands

measurement in Ref. [35]. The ENSDF evaluator calls this
lifetime into question because the y branches of E'1 radiation
depopulating the state differ drastically from the adopted val-
ues. We are confident in our lifetime determinations from the
well-defined Doppler energy shifts of the two y rays from
this 1275.7 keV level and are in agreement with a more recent
measurement from Ref. [3].

The transition probabilities from these states evince
enhanced E1 decays to the ground state (Table 2) and
exhibit agreement with the Alaga predictions (Table 3).
Although these B(E1)s are smaller overall than those from
other confirmed single-phonon octupole vibrations in the
region (168Er [36]), the transition probabilities are well above
the threshold for what is generally considered collective
in the mass region (~10~ mW.u. strengths). Furthermore,
our measured B(EL:1,,_,- — O;) of 0.56 mW.u. (0.001
e*fm?) compares reasonably with the systematic behavior of
E1 strengths for the bandheads of K”=0" bands in deformed
rare-earth nuclei (B(E 1)~0.003—0.005 e2fm?) [37].

3.1.3 K*=3] band at 1570.9 keV

The lifetime of the bandhead was not measured in this work
and remains unknown, but we were able to extract a lifetime
of 4401‘3?8 fs for the 4~ state in this band at 1669.1 ke V.

3.1.4 K*=1] band at 1637.2 keV

The lifetimes of the 1| bandhead and the 2~ member (1691.4
keV) are not known, but a lower limit (>740 fs) was deter-
mined for the 37 state (1739.0 keV). From this band, the
transition probabilities to the y band are an order of magni-
tude larger than those to the ground state. There are, however,
fairly collective B(E2) values associated with the other neg-
ative parity states. The most favored in this case is to the

3Kn:31, state.

@ Springer

3.1.5 K*=2; band at 1863.8 keV

There are three levels associated with the K"=2, band
including the 1863.8 keV bandhead, a 3~ at 1910.5 keV,
and a 4= at 1973.0 keV. This work measured lifetimes of
4207120 £s, 55013299 5, and 7801330 fs for the 27, 3, and
4~ members of the band, respectively. The B(E1) values
from the 3™ state show enhanced probabilities to the y band.

4 Discussion

This study reports on the measured lifetimes of several neg-
ative and unknown parity states. The transition probabili-
ties extracted from the lifetimes show interesting connections
between several excited bands.

For the negative parity states, a significant step is the sep-
aration of the collective excitations built on the ground state
from those that highlight components of the wave functions.
Level lifetimes are used to characterize these negative parity
states in terms of collective excitations, or the coupling of
quadrupole and octupole modes, vs. single or double quasi-
particle excitations, or something completely different. Fur-
thermore, we can compare the B(E2) and B(E 1) values with
the Alaga rules to determine which states can be considered
oscillations on other bands or the ground state.

The general trend is that the lowest K"=2 band is
strongly connected to the K* =2;," band with B(E1) values
ranging from 1 to several mW.u. while those to the ground
state band are an order of magnitude weaker. Transitions
from the K*=2" band were compared with the Alaga rules
and show agreement, indicating that this band might be built
on the K™ =2;f band (shown in Table 3). The K*=2; band
also shows enhanced E'1 values to the y band and shows
good agreement with the Alaga rules, indicating it as another
potential band built on the K7 =2)‘f band.

The K”=07 band displays connections to the ground state
band, ten times larger than transitions to the K™ =2j,‘. When
compared with the Alaga rules (Table 3), the transitions show
good agreement, indicating that this band is possibly an exci-
tation built on the ground state. This band has many more
levels of unknown lifetimes, allowing for a comparison of
its dynamic moment of inertia with that of the ground state
band. Figure 2 shows that the dynamic moments of inertia of
these two bands are nearly identical, further strengthening
the possibility of this band being the 0~ component of an
octupole oscillation on the deformed ground state.

The 57 state at 1485.7 keV is connected to the 37,47, and
5~ members of the K” =2 band with significantly enhanced
E?2 transition probabilities. While this state appears to be
a clear excitation built on the K”=2]" band, this surprising
result is not yet understood and also involves a AK = 3



Eur. Phys. J. A (2026) 62:70 Page 11 0of 14 70
3000~ -
L - 2929
25001 - 2520 _
2000 -
= _K'=3] kR ]
% 4 L1669 -
g1 K"= 07 3’1:—1571 ,,,,,,,,, L. <+ J
& 1500 “ 151879 - 173 ]
g T K=y o 1358 o 1 z < l
I - & 1276 LI il
200 5 1183 = =7 ]
&3] L - ]
4 1061 l - : 7 @
1000 3*——963 T o o & i
[ > 888 7 8 “ v i ]
L o < J
< - ¥
F | <+ - |) 1
& o E
[ 6 548 A ]
500 ° i
[ 4 266 ]
P 81 1
0 o+ ]
162y

Fig. 3 Negative parity bands with strong transitions to the ground state band and/or K*=0," bands. Levels with new lifetime measurements are
drawn in green. All transitions are are expressed in Weisskopf units (W.u.). The B(E2) values are in red while the B(E'1) values are in purple with
proportional thicknesses

2000—

1500

K™= 2;

1973 7]
1910

3e—4

2.7e-4
1.7e-4

& |
8.5e—
1.9¢—4
L |

1864

1000—

Excitation Energy (keV)

500~

162Dy

Fig. 4 Negative parity bands with strong transitions to the K™ :2;' and/or K*=2]" bands. Levels with new lifetime measurements are drawn in
green. All transitions are expressed in Weisskopf units (W.u.). The B(E2) values are in red while the B(E'1) values are in purple with proportional

thicknesses

@ Springer



70 Page 12 of 14

Eur. Phys. J. A (2026) 62:70

set of transitions. Self-consistent calculations of all even-
even nuclei carried by the generator coordinate extension of
the Hartree-Fock-Bogoliubov(HFB) mean field theory [4] in
various theoretical frameworks have shown that in deformed
nuclei, there are octupole correlations, but they tend to be
weak. In addition, a similar calculation shows a two-quasi
particle 5~ state at 1.2 MeV, almost 300 keV lower than the
observed 5~ state at 1485.7 keV.

The 4;71_3_ state shows enhanced B(E2) values to the
-1

K7=2] band and a highly collective connection to the
K”7=0] band that is two orders of magnitude larger. How-
ever, this also represents a AK = 3 set of transitions, perhaps
indicating an incorrect assignment of the state to this band.
The transition probabilities to the K*=2" band also show
disagreement with the Alaga rules as shown in Table 3. This
is probably also a two quasiparticle state.

The depopulating transition probabilities of the K"=17
band favor the y band with B(E1) values that are an order
of magnitude larger than those to the ground state. There are
however, fairly large B(£2) values to the other negative par-
ity states. The most favored in this caseis tothe 3, 3 state.
There are also large E2 transitions to several members of the
K"=2] and the K"=0; bands. Of course, these B(E2) val-
ues are upper limits since the lifetime measured was a lower
limit. These transitions disagree with the Alaga rules for an
excitation built on the K™ =2, band, indicating the relation-
ship of quasi-particle components and not oscillations built
on other bands.

There are additional level lifetime measurements shown
in Table 2 with enhanced B(E1) transition probabilities to
the ground-state band without known K values with spins
of 1~ at 2520.4 and 2929.4 keV. Both states show enhanced
B(E1) values to the ground state with those from the 15
(2520.4 ke V) being an order of magnitude larger. In order to
compare with the Alaga rules, we assumed that the unknown
K values for the 1~ states are in fact K*=17. The result is that
the Alaga values disagree with considering the 1, state as an
excitation built on the ground state. They do, however, agree
for considering the 15 state (2929.4 keV) as an excitation
built on the ground state. Of the three 1~ bands, we believe
the 15 to be the 1~ component of an octupole oscillation on
the deformed ground state.

Figure 3 shows the level scheme of negative parity bands
with strong transitions to the ground state and K™ = 07
bands while Fig. 4 shows those with strong transitions to the
K” =2;f and K" = 27 bands. Comparison of E1 and E2
transition probabilities from the various K" bands with the
Alaga rules are shown in Table 3. In this table, we can see
potential vibrational excitations and states of other nature.
The K™=0;" and the 15 bands are collective excitations built
on the ground state of '>Dy. The K* =2 and the K7=2;
bands are excitations built on the K™ :2; band with excellent
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agreement with Alaga rules. The K*=1]" band has enhanced
B(E2) transition probabilities to both the K*=2" and the
K™ =0, bands, but the Alaga ratios show that it is not an
excitation built on either band. Figure2 shows the dynamic
moments of inertia for the K =07 and the ground state bands.
The moments of inertia further indicate that this band is a
potential octupole excitation built on the ground state band.

5 Conclusions

We measured the lifetimes of numerous negative parity lev-
els in 192Dy using the (1, n’y) reaction and the Doppler-shift
attenuation method at the University of Kentucky. We report
14 new lifetimes measured across negative and unknown par-
ity states. We presented our interpretations on the nature of
several bands based on the extracted transition probabilities.

The K"=0] and the 15 (assumed as K* = 17) both show
connections to the ground state band and agree in the ratio
comparisons with the Alaga rules. We conclude that they
are the fragmentation of octupole oscillations built on the
ground state '®2Dy. While the 15 (assumed as K* = 17)
shows stronger connections to the ground state band than
the 15, the Alaga values show that it cannot be considered
as an excitation of the ground state. The K”=2 and the
K”"=2, bands are connected to the K =2;f band and show
excellent agreement with the Alaga values. We believe these
can be viewed as excitations built on the y band, perhaps as
octupole-quadrupole coupling to the y band.

There are three bands we do not consider as excitations
built on another band despite displaying strong connections.
The 4;@:31_ state is connected to the K”=0;" and the K" =2
bands with highly collective E2 transition probabilities, but
the disagreement with the Alaga rules suggest otherwise,
potentially as two quasiparticle states. The K”=1;" band
exhibits similarly strong connections to the K*=0;" and the
K”=2] bands, but also disagrees with the Alaga rules. How-
ever, the enhanced B(E2) values from this band clearly pick
out some overlapping wave function components. Finally,
the 57 state shows enhanced B(E2) values to the K*=27
band, but its energy is approximately 300 keV higher than
the expected energy of a two-quasi particle 5~ state.

The amount of lifetime information for the negative parity
bands was greatly expanded by this work. No other nucleus
in this region has such an extensive set of lifetime informa-
tion for its negative parity bands. In the past, the absence
of clear octupole-quadrupole coupling was attributed to the
lack of lifetimes for negative parity states. This work par-
tially addresses that need. The extracted transition proba-
bilities connect the negative parity bands to each other and
the y band to reveal or identify common single or double
quasi-particle excitation components of the bands. Hence,
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we have the 0~ and the 1™ of the octuple quartet and two
K7=2] and K"=2; bands that are excitations built on the
K” =2}Jf. However, further experimental data is needed to be
more conclusive about octupole oscillations in '92Dy.
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