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In the beginning (for 
me)…

• First met in Tallahassee, circa 1995
• Robert taught me a thing or two about 

properly setting up a Compton-Suppressed 
system (in less than 2 minutes)

The γ Cave 
at FSU



detectors. Two thin stacked targets (;0.35 mg/cm2) were
used and a beam energy of 165 MeV was chosen for this
experiment. The 4n(156Dy @10#!, 5n(155Dy @11#!, and
6n(154Dy @12#! neutron evaporation channels dominated the
reaction cross section; however, a small percentage (;1–2
% of the total cross section! from the p4n reaction channel
leading to 155Tb was observed. Due to the weakness of this
p4n channel, clean coincidence spectra were limited and

thus the necessity for the 7Li experiment to correctly identify
the g ray placement and ordering at low spins. Calibrations
and efficiencies were determined with 152Eu and 182Ta
sources. The coincident data were sorted into a Eg3Eg
3Eg cube which was inspected by the program LEVIT8R @6#.
The results from the two experiments are presented in

both the level scheme of Fig. 1 and in Table I. Determination
of spins and parities for new states was based upon previous

FIG. 1. The level scheme of 155Tb derived from the present work. Tentative transitions or levels are denoted with broken lines.
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The reactions 152Sm(7Li,4n) at 45 MeV and 124Sn(36S,p4n) at 165 MeV were used to study high-spin states
of the N590 nucleus 155Tb. Previously known bands have been greatly extended in spin (I'45\) and a new
decoupled sequence was identified. Several band crossings or quasiparticle alignments have been observed in
each of the structures, and as a result a configuration assignment has been given to the new band.
B(M1)/B(E2) transition strength ratios have been extracted from the data and comparisons were made with
theoretical predictions. A comprehensive analysis of the signature splitting in the energy levels and
B(M1)/B(E2) ratios for the ph11/2 bands of the A'160 region has been performed. Possible interpretations
for the observed trends in the signature splitting of these structures are discussed. @S0556-2813~98!03211-7#

PACS number~s!: 21.10.Re, 23.20.Lv, 27.70.1q

I. INTRODUCTION

The N590 isotone chain is one of the most well studied
groups of nuclei in the rare-earth region. Much of the interest
lies in the fact that these nuclei dwell within a highly transi-
tional area of deformation space. While the N<88 nuclei are
weakly deformed as a result of the N582 shell gap, the N
>92 isotopes behave as well-deformed quantum rotors @1#.
The intermediate deformations of the N590 isotones permit
these nuclei to be especially susceptible to shape driving
forces by various competing processes. The manifestation of
these forces has been observed at high-spin ~band termina-
tion! and low-spin ~signature splitting!. In this work, we will
report on new high-spin results for 155Tb (Z565), where
angular momentum states have been populated in the same
spin region (I.40\) as band terminating states in nearby
nuclei. The observation of the ph11/2 band well beyond the
first i13/2 neutron crossing provides significant information
pertaining to the signature splitting phenomenon in bands
based on orbitals from this shell throughout the A'160 re-
gion. Indeed, combining our recent observations of the
ph11/2 bands in 153Tb @2#, 155Tb, 157Tb @3#, and 155Eu @3#
with previously published data from many odd-Z , odd-A nu-
clei has allowed a comprehensive study of the experimental
signature splitting systematics of the ph11/2 bands in the A
'160 region.

II. EXPERIMENTAL DETAILS AND RESULTS

Two complementary experiments have produced high-
spin data on 155Tb. One was performed at the Florida State
University tandem-linac facility where the Florida State Uni-
versity array @4# was employed to collect the coincident g
rays. Three Compton-suppressed detectors were placed at
90 ° ~with respect to the beam direction! and two other sup-
pressed detectors were located at 145 °. The reaction
152Sm(7Li,4n) was chosen with a beam energy of 45 MeV.
The single foil target had a thickness of ;5 mg/cm2, which
was thick enough to stop the recoiling nuclei. Over 2
3107g-g events were recorded when two or more sup-
pressed Ge detectors were in prompt coincidence
(<100 ns). The g ray energies were calibrated using a
152Eu source while the detector efficiencies were determined
using both the singles data from the 152Eu source and coin-
cident data from the experimentally produced even-even
nucleus 154Gd @5#. The data were sorted into an Eg3Eg
matrix which was inspected by the program ESCL8R @6#. The
primary focus of this experiment was to produce clean data
for identifying the multipolarity of transitions using the di-
rectional correlation from oriented states ~DCO! method as
well as determining the correct ordering of the transitions
through the first i13/2 neutron band crossing.
An experiment using the 36S1124Sn reaction was per-

formed with the sulfur beam provided by the 88-Inch Cyclo-
tron facility at the Lawrence Berkeley National Laboratory.
The Gammasphere @7–9# spectrometer collected the coinci-
dence events and was operated with 93 suppressed Ge
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• Systematic study of signature splitting
• Likely associated with triaxial deformation 

at low spin
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Fig. 2. Part of the level scheme ofl56Dy 
which is discussed in the present paper. 
The members of the g.s. band, denoted 
by g, have been located previously 
[10-12]. The level and transition ener- 
gies are given in keV; their uncertain- 
ties range between 0.1 and 0.2keV. 
The photon intensities for the various 
y-rays are normalized to 100 for the 
266.3 keV, 4+-2~-  line, and are be- 
lieved to be accurate to within 10% 
for the intense transitions and to more 
for the weaker ones. The dashed lines 
correspond to y-rays which have not 
been seen in the present experiment, 
within the upper intensity limits indi- 
cated. The spin and parity assignments 
for the 6 levels between 1809.9 and 
2701.1 keV are discussed in the text 

2. Experimental  Procedures and Results 

The energy levels of the nucleus 156Dy have been 
studied with the 159Tb(p, 4nv)156Dy reaction using 
27- to 51-MeV protons accelerated at the CYCLONE 
isochronous cyclotron of Louvain-la-Neuve. Standard 
techniques in the field of the on-line 7-ray spectroscopy 
have been employed. They are described in more 
details elsewhere [10, 11, 19], and include: (a) accurate 
determinations of the v-ray energies and relative inten- 
sities (to within 0.1 keV and 10% for the strong lines, 
0.3 keV and k20% for the weak ones); (b) relative 
excitation functions between 27- and 51-MeV proton 
energies; (c) angular distributions with respect to the 
incident beam direction, at E~=39 MeV and for 

6 angles between 0=90 ~ and 155~ (d) extensive 7-V 
coincidence experiments involving the recording of 
about 60 millions three-parameter events; (e) deter- 
mination of the time relationship between the various 
7-rays and the cyclotron beam bursts. 
The experimental results on the levels of interest 
here are presented in the decay scheme of Fig. 2: 
they involve six states between 1.8 and 2.8 MeV 
in 156Dy, with probable spins ranging from 6 
to 12. They can be classified into three pairs, which 
populate the 61, 8g and 10~- members of the g.s. 
band, respectively, through six v-rays with ener- 
gies between 900 and 1200 keV (Table 1), as in- 
dicated in Fig. 2. The location of these six transitions 
in the decay scheme is based on the extensive 7-7 coin- 

Table 1. Properties of the y-ray transitions in the nucleus 156Dy which are considered in the present paper 

Energy Relative a A 2 A 4 Initial level Final level 
(keV) photon intensity (keV) (keV) 

362.5+0.2 ~ 1.9 b 0.52 +0.08 -0 .01  +0.13 2261.4 1 898.7 
439.4+0.2 ,~1.3 b 0.33 +_0.03 - 0 . 1 2  +0.04 2701.l 2261.4 
911.6_+0.1 1.6_+0.2 -0 .161 -+0.038 -0.073-+0.063 2636.8 10~ 
971.0-+0.1 3.0-+0.3 -0.160_+0.030 0.063 _+0.045 2186.6 8 + 
975.9+0.2 < 1.7 ~ -0.373-+0.080 0.115-+0.115 2701.1 10g + 

1039.6 _+ 0.1 4.1 + 0.4 - 0.146 4- 0.025 - 0.020 4- 0.040 1 809.9 6+ 
1045.9 -+ 0.2 1.7 -+ 0.2 0.320 _+ 0.032 - 0.076 _+ 0.056 2 261.4 8~ 
1 128.4 _+ 0. l 2.2 _+ 0.2 0.297 4- 0.040 - 0.020 4- 0.063 1898.7 6~ 

a Normalized to 100 for the 266.3 keV, 4+ - 2 ]  transition. 
b These lines are close to the 366.2 keV, 6g+ - 4 +g and 445.3 keV, 8g+ - 6g+ intense transitions, respectively, so that their relative intensities have 
large uncertainties. 

This line can be placed elsewhere in the decay scheme (9r + - 8 ~ )  so that the intensity given for the 2 701.l keV - 10g  + transition is an uptSer 
limit. 
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Experimental Evidence for Low-Spin Members of"Upper" Bands in 156Dy 
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Abstract .  Study of the energy levels of 156Dy through the 159Tb(p, 4n) 156Dy reaction has 
revealed the existence of six states with excitation energies between 1.8 and 2.8 MeV and 
spins between 6 and 12. Some of them can tentatively be assigned as low-spin members of 
"upper" bands which are thought to be responsible for the backbending phenomenon 
experimentally observed in the ground-state and //-vibrational bands of this nucleus. 
Others could be levels of a negative-parity octupole band. 

1. Introduction 
The phenomenon of backbending, which has been 
observed experimentally in the high-spin members of 
the ground-state (g.s.) rotational band of many de- 
formed even-even nuclei in the rare-earth region [1, 2], 
can be explained by the interaction between several 
rotational bands with different band heads and 
moments of inertia [3-6]. Conclusive experimental 
evidence in favour of such a model has so far been 
obtained for three nuclei, 154Gd and 154'156Dy. In 
these cases, three bands seem to be present [5, 6]: the 
g.s. band with a moment of inertia J which is about 
1/3 the rigid-body value ~igld; the/?-vibrational band 
with a band head at about 700 keV and a moment of 
inertia somewhat larger than that of the g.s. band; 
and a third band with a band head around 1.5 MeV 
and a moment of inertia close to Jri,~a' These three 
bands interact, thereby giving rise to the yrast band 
[7], which experiences backbending at spin 18, to the 
yrare band [7], where backbending occurs at spin 12, 
and to an upper branch. The levels of the yrast and 
yrare bands have been experimentally observed up to 
spin 18 in 154Gd (Refs. 8, 9), up to 22 and 20, respec- 
tively, in X56Dy (Refs. 10-12), and up to 20 and 18, 
respectively, in 154Dy (Ref. 13); the data on X56Dy are 
displayed in Fig. l, together with the various bands or 
branches referred to above. 
The validity of this model of three-band interaction, 
which has been originally proposed by Szymanski 
and Krumlinde [14] to interpret the 154Gd and 156Dy 

data, would gain further strength if members of the 
upper branch (Fig. 1) would be identified experimen- 
tally. Their approximate positions can be predicted if 
one extrapolates linearly the available experimental 
data and if one takes into account the upward move 
of these levels by their interaction with the members 
of the g.s. and fl-bands with the same spin: this is 
schematically carried out in Fig. 1 for the nucleus 
156Dy. However, their experimental identification 
would be easier if more accurate predictions about 
their excitation energies can be made by a detailed 
treatment of the band-interaction model. This has 
been achieved by Molinari et al. I-3] and by Broglia 
et al. [4, 15]. In Ref. 15, the available experimental 
data [10-12] on t56Dy have been fitted by mixing 
several bands, characterized by the projection K of 
the angular momentum J along the nuclear symmetry 
axis: no satisfactory fit can be achieved by mixing 
three K = 0 bands, a reasonable agreement is obtained 
with K - 0 ,  0 and 1 bands, corresponding to the g.s., 
//- and third bands, respectively, and even better fits 
result from the interaction between more than three 
bands, of which the lower two have K = 0  and the 
others, K4:0. This would suggest that the "third" 
band may not be unique, but rather consists of several 
bands, to which we shall refer in the following as 
"upper" bands. 
The K 4 = 0 character of these upper bands should have 
important consequences if it can be confirmed ex- 
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Fig. 1. Partial level scheme for 156Dy showing states above spin 26 ". The transition widths are proportional to the g-ray intensities and the
g-ray energies are given to the nearest keV. Parentheses and broken lines indicate tentative assignments. The excitation energy of the lowest

Ž q. Ž .level shown in each sequence is indicated in keV along with that of the 62 state in the q,0 band.2

y Ž y. Ž .and 48 tentatively 50 , respectively. The y,1 1
band was not observed up to higher spin, presumably
because this structure terminates at the 53y state
with no evidence for significantly intense transitions

Ž . Ždecaying to this state see Figs. 1 and 2c . A similar
Ž .effect also appears to be present for the y,0 1

y .sequence at 52 . We assign the 1431 keV gamma
ray as the 53y™51y transition, see Fig. 2c. This is

w xin contradiction with Ref. 1 , where a 1336 keV
transition was suggested. In the current work the

latter gamma ray is assigned to depopulate the 49y
Ž .state of the y,1 band, as shown in Fig. 1. The2

Ž . Ž .y,0 and y,1 bands experience a crossing with2 2
other sequences of the same parity and signature
near 38y and 39y, respectively, which complicates
the regular pattern. However, the identification of the

y Ž . y Ž .1013 keV gamma ray, the 38 y,0 ™36 y,02 1
inter-band transition, ties the ordering of the in-band
transitions above 34y. Importantly, it unambiguously

y y Ž .places a 1002 keV gamma ray, the 38 ™36 y,0 2
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Abstract

Ž .The highest-spin discrete states I;60 " and E ;30 MeV in normal deformed nuclei have been observed in thex
156 124 Ž36 .rare-earth isotope Dy using the Sn S,4n reaction in conjunction with the GAMMASPHERE spectrometer. The

Ž . Ž .positive parity yrast sequence appears to evolve smoothly from a prolate collective towards an oblate non-collective
shape, in contrast to the sudden shape change observed in the isotone 158Er. Terminating states are identified in the negative
parity sequences at Ips52y and 53y and specific multi-particle-hole configurations are assigned by comparison with
cranked Nilsson-Strutinsky calculations. An order of magnitude increase in the interaction strength between close lying
high-spin weakly collective structures is determined compared with that found in the lower-spin strongly collective domain.
These results give valuable insight into the interplay between collective and terminating structures, and their competition for
yrast status in the 40y60 " spin range. q 1998 Elsevier Science B.V. All rights reserved.
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FIG. 1. Partial level scheme for 156Dy from the present analysis emphasizing the new negative-parity states. Tentative levels and γ rays are given as dashed lines and new transitions are
shown in red. Note that the strongly coupled, negative-parity structure in Ref. [12] is not shown and many of these sequences were extended to higher spin in Ref. [13].
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Investigation of negative-parity states in 156Dy: Search for evidence of tetrahedral symmetry
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An experiment populating low/medium-spin states in 156Dy was performed to investigate the possibility of
tetrahedral symmetry in this nucleus. In particular, focus was placed on the low-spin, negative-parity states since
recent theoretical studies suggest that these may be good candidates for this high-rank symmetry. The states
were produced in the 148Nd(12C ,4n) reaction and the Gammasphere array was utilized to detect the emitted γ

rays. B(E2)/B(E1) ratios of transition probabilities from the low-spin, negative-parity bands were determined
and used to interpret whether these structures are best associated with tetrahedral symmetry or, as previously
assigned, to octupole vibrations. In addition, several other negative-parity structures were observed to higher spin
and two new sequences were established.

DOI: 10.1103/PhysRevC.95.014321

I. INTRODUCTION

Predictions of the possible presence of tetrahedral sym-
metry [1–4] at low spins and excitation energy in nuclear
spectra have prompted several experimental studies [5–7]
in the Z ≈ 64 and N ≈ 90 region. These nucleon numbers
are considered to be magic with respect to this tetrahedral
symmetry. A characteristic feature of this nuclear shape
is that, in its pure form, there would be no quadrupole
or dipole moments. Thus, early theoretical work suggested

*Present address: U.S. Army Research Laboratory, Adelphi, Mary-
land 20783, USA.
†Present address: Idaho National Laboratory, Idaho Falls, Idaho

83402, USA.
‡Present address: Department of Physics, California Polytechnic

State University, San Luis Obispo, California 93407, USA.
§Present address: Institut für Kernphysik, Technische Universität

Darmstadt, 64289, Darmstadt, Germany.

that negative-parity structures associated with this high-rank
symmetry would be characterized by levels with rotational-like
spacing, but vanishing B(E2) rates at the lowest spins, due to
the nucleus approaching the tetrahedral limit as it nears the
bandhead [2]. Indeed, many negative-parity, odd-spin bands
in even-even nuclei of the rare-earth region appear to satisfy
this condition, including a sequence in 156Dy. Therefore, a
reinvestigation of this nucleus utilizing the high resolving
power of the Gammasphere array was warranted.

Within the past few years, the theoretical focus has moved
away from a stable tetrahedral shape, to the possibility of
tetrahedral “oscillations” about the ground-state quadrupole
deformation [3]. These oscillations are analogous to the well-
known γ vibrations with geometrical shapes described by the
nonaxial quadrupole Y22 spherical harmonic; the tetrahedral
ones are then caused by the nonaxial octupole Y32 + Y3−2
spherical harmonic. However, identifying a firm experimental
fingerprint of tetrahedral symmetry clearly distinguishing it
from the more conventional interpretation in terms of an
octupole (Y30) vibration remains a challenge. In Refs. [3,7],

2469-9985/2017/95(1)/014321(10) 014321-1 ©2017 American Physical Society
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The exact nature of the lowest Kπ = 2+ rotational bands in all deformed nuclei remains obscure. Traditionally
they are assumed to be collective vibrations of the nuclear shape in the γ degree of freedom perpendicular to the
nuclear symmetry axis. Very few such γ bands have been traced past the usual backbending rotational alignments
of high-j nucleons. We have investigated the structure of positive-parity bands in the N = 90 nucleus 156Dy, using
the 148Nd(12C,4n) 156Dy reaction at 65 MeV, observing the resulting γ -ray transitions with the Gammasphere
array. The even- and odd-spin members of the Kπ = 2+γ band are observed up to 32+ and 31+, respectively. This
rotational band faithfully tracks the ground-state configuration to the highest spins. The members of a possible
γ vibration built on the aligned yrast S band are observed up to spins 28+ and 27+. An even-spin positive-parity
band, observed up to spin 24+, is a candidate for an aligned S band built on the seniority-zero configuration of
the 0+

2 state at 676 keV. The crossing of this band with the 0+
2 band is at !ωc = 0.28(1) MeV and is consistent

with the configuration of the 0+
2 band not producing any blocking of the monopole pairing.

DOI: 10.1103/PhysRevC.91.034330 PACS number(s): 27.70.+q, 21.10.Re, 23.20.Lv, 23.20.En

I. INTRODUCTION

The γ degree of freedom, breaking the axial symmetry in
quadrupole deformed nuclei, is indispensable in understanding
the level structures observed in nuclear spectroscopy. The
traditional interpretation [1] of the lowest Kπ = 2+ rotational
bands, that consistently appear in even-even deformed nuclei,
has been that they are a shape vibration in the γ degree of
freedom perpendicular to the symmetry axis. These bands
have both even- (natural parity) and odd-spin (unnatural
parity) states and are observed to have very weak M1 $J = 1
transitions between the even and the odd members of the bands
[2]. The signature splitting between the odd and the even spins
depends on the nature of the total energy dependence of the
nucleus on the shape parameter γ . Extreme scenarios of this
dependence are as follows: (a) γ rigid and finite as calculated

*majola@tlabs.ac.za

by Davydov and Filippov [3] and (b) γ soft, calculated by
Wilets and Jean [4].

In odd-A nuclei, the single nucleon in a Nilsson orbital
[N,nz,%]& can couple to the collective motion of the even-
even core. When coupling to the Kπ = 2+ excitations, two
rotational bands will result with the K quantum numbers
(angular momentum projection on the symmetry axis) coupled
either parallel or antiparallel; thus K> = (& + 2) and K< =
|& − 2|. Examples of such couplings have been observed in
165Ho and 167Er [5] and in 155Gd [6,7]. A notable feature of γ
bands is that they track the intrinsic configuration, usually the
ground state, on which they are based [8,9].

To date there are few examples of γ bands extended to high
spins. This is, no doubt, due to these γ bands lying about 1 MeV
above the yrast line in most nuclei and therefore only weakly
populated in most fusion-evaporation reactions. In Table I we
list examples of even-even nuclei in which the γ band has been
observed up to spins higher than 15!.

To our knowledge, the first example of a γ vibration,
built on an i2

13/2 aligned neutron S band, which was observed

0556-2813/2015/91(3)/034330(9) 034330-1 ©2015 American Physical Society
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FIG. 1. (Color online) Partial level scheme deduced for 156Dy from the current paper for positive-parity states. New levels and γ -ray
transitions are shown in red whereas their known counterparts from previous in-beam work are shown in black. The widths of the arrows are
proportional to the intensities of the transitions.

(Table II). Moreover, to further complement the high-spin
structures of these states, the 36S-induced reaction data have
been reanalyzed. The data for this experiment were collected
more than a decade ago by Kondev et al. [43]. These data have
good statistics and not only enabled us to confirm the high-spin
states on the γ bands, observed in the present experiment, but
also allowed us to further extend the γ bands by two levels for
both the even- and the odd-spin γ sequences. Figures 2(a) and
2(b) show the spectra that were used to establish new in-band
members of both the even- and the odd-spin sequences of the γ
bands. The insets in both Figs. 2(a) and 2(b), labeled as (i) and
(ii), show spectra from the 36S-induced reaction for both the
even- and the odd-spin sequences, respectively. The spin and
parity assignments for the new levels at 32+ and 31+ are based
on the assumption that these additional levels are connected
by stretched E2 transitions. The extensions that have been
performed on these sequences from the current analysis mark

the highest spin ever to be observed for both the even- and the
odd-spin γ bands in any nucleus.

D. New positive-parity bands

1. Band 12

Band 12 is a new structure that has been established from
this paper using the carbon-induced reaction. A representative
spectrum showing some of the in-band members of band 12
is presented in Fig. 3(a). This rotational sequence consists
of six in-band transitions. The main intensity of this band
flows through high-energy 1125, 1132, 1176, and 1270 keV
out-of-band transitions that populate the ground-state band
(Fig. 1). The RDCO values for these high-energy transitions
were found to be close to 1 (Table II), and this implies that
they are likely to be stretched E2 transitions or unstretched
E1 transitions. If these γ rays are assigned as unstretched E1

034330-5

Robert’s Golden Rule:
Always do an experiment on 156Dy 
every 15-20 years
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Onto to More Recent Work…

• Mutli-nucleon transfer reactions 
allow for the observance of neutron-
rich nuclei

• Produce large variety of nuclei with 
moderately high spin that come in 
pairs

• 160Gd + 154Sm reaction at 1000 MeV

• Gammasphere had 73 detectors - focus 
on prompt spectroscopy
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Evidence of Z = 60 Subshell Gap

• A low energy of the first 2+ state 
[E(2+)] in even-even nuclei is 
associated with large deformation

• Note that for each isotone group,         
Z = 60 (Nd) has lowest E(2+)

• Indicates high-deformation subshell 
gap at Z = 60, rather than at midshell, 
Z = 66 (Dy)



Origin of Energy Staggering
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Origin of Energy Staggering

• Only K = 1/2 orbital has decoupling 
constant, a, that produces energy 
staggering

• Higher K orbitals are mixed and will 
have K = 1/2 component 

• The amount of K = 1/2 admixture is 
dependent on the location of the Fermi 
surface

• Low  = large K mix = large splitting     
High  = low K mix = low splitting
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Energy Staggering in 5/2[642] Band
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Energy Staggering in 5/2[624] Band
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Energy Staggering in 5/2[624] Band
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Energy Staggering in 5/2[624] Band
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Energy Staggering in 5/2[624] Band
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Energy Staggering in 5/2[624] Band

• Energy staggering of the 5/2[642] band in 
this region is an indicator of deformation

• See same trend in N = 95 nuclei

• Maximum deformation is not at midshell 
(Z = 66, Dy), but appears to be located at 
Z =60 (Nd) 

• Consistent with E(2+) systematics 4.5 6.5 8.5 10.5 12.5
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Isomers in Neutron-
Rich, Rare-Earth Nuclei
• ~20 years ago, Dracoulis, Kondev, & Lane 

ran a series of multi-nucleon transfer 
reactions to produce neutron-rich nuclei 
that are likely to have isomers 

• 136Xe + 176Yb at 820 MeV, performed at 
ATLAS

• 1/10 pulsing (825 ns between beam bursts)
• Gammasphere had 101 detectors 

operating - focus on out-of-beam



What was made…

Neutrons 102 103 104 105 106 107 108 109 110
W 180W 181W 182W 184W
Ta 177Ta 178Ta 179Ta 181Ta 183Ta
Hf 174Hf 176Hf 177Hf 178Hf 179Hf 180Hf 181Hf 182Hf
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Yb 172Yb 174Yb 175Yb 176Yb 177Yb 178Yb
Tm 171Tm 172Tm 173Tm 174Tm 175Tm
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Two-quasiparticle Isomer in 178Yb
• Most neutron-rich Yb nucleus with known excited states
• Spectra are from cube resulting from data between beam bursts
• Sum of the 83/193, 83/953, and 193/953 gates
• Observed coincident x rays are from Yb
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Multiple 3-quasiparticle 
isomers in 179Lu
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• Most neutron-rich, odd-A Lu
• No γ’s previously known, excited 

states up to 13/2 from proton spectra

t  a/840

t  b/745

t  c/628

Burke & Garrett, NPA 550, 179 (1992)



Multi-Quasiparticle Calculations
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Thank You, Robert!!

• Have had a terrific time exploring rare-earth nuclei at high spin and not-so-
high spin together

• You have greatly aided me in my scientific and professional endeavors

• You have been an advocate, a mentor, and a friend throughout the years

• Congratulations on your retirement!!
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DOE (DE-AC02-06CH11357, DE-FG02-97ER41041, DE-FG02-97ER41033)
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• Six cubes were constructed dividing 
the out-of-beam period into ~110 ns 
intervals

• To obtain enough statistics, a single 
(clean) gate was placed to track the 
intensity of a γ in the decay sequence



Systematics of E1 Reduced Hindrance Factors

• fν = (tγ1/2/tW1/2)1/ν

• Note that the K = 4 isomers 
are a factor of 10 higher

• The re-coupling of particles is 
an effective                     
1/2[510] —> 9/2[624] 
transition

• This ΔΚ=ΔΛ=4 transition is 
greatly hindered by Alaga

160 164 168 172 176 180 184
101

102

103

A

f ν

Kπ = 4-: ν2(1/2[510],9/2[624])

Kπ = 4-: ν2(1/2[521],7/2[633])

Kπ = 4-: π2(1/2[411],7/2[523])

Kπ = 6-: ν2(5/2[512],7/2[633])

Kπ = 7-: ν2(7/2[514],7/2[633])

Kπ = 8-: ν2(7/2[514],9/2[624])



On to (kinda) new 
things

• Understand conditions to sustain r-process
• Reproducing the rare-earth peak may be a 

key component to this understanding
• ~20 years ago, Dracoulis, Kondev, & Lane 

ran a series of multi-nucleon transfer 
reactions to produce neutron-rich nuclei that 
are likely to have isomers 

J. J. Cowan et al., Rev. Mod. Phys. 93, 015002 (2021)
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