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One of the most successful descriptions of the structure of atomic nuclei is the spherical shell

model. It, however, becomes impractical when moving away from closed-shell nuclei. Instead, it

is the interplay between the macroscopic shape degrees of freedom and the microscopic nature of

the underlying single-particle structure in a deformed basis that determines the nuclear structure.

Being the heaviest nucleus precisely in the middle of, known, closed proton and neutron shells,
170Dy has become a central calibration point for tests of collective models of nuclear physics.

However, besides one candidate transition from a previous experiment in Legnaro, Italy, no ex-

perimental information is available for this nucleus. Using the EURICA setup at RIKEN, which

couples the worlds highest intensity in-flight fission facility with a high-efficiency HPGe array,

an experiment in November 2014 produced 170Dy nuclei by in-flight fission of a 238U beam. The

results from this experiment provide a wealth of information on this elusive nucleus, including the

evolution of quadrupole collectivity, rigidity and higher order deformations, as well as the long

sought for isomeric K = 6+ state, predicted to be exceptionally pure at mid-shell. These results

provide us with a rich level scheme for discussing both single-particle and collective structures at

mid-shell.
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1. Introduction

One of the most successful approaches to the nuclear many-body problem is the the spherical

shell model. However, despite being a powerful model for certain regions of the nuclear chart,

it becomes impractical when moving away from closed-shell nuclei. Instead, it is the interplay

between the macroscopic shape degrees of freedom and the microscopic nature of the underlying

single-particle structure of shell-model orbitals in a deformed basis that offers an explanation for

the observed nuclear structure. The regions in the Segré chart where quadrupole collectivity is most

prominent are around the doubly mid-shell nuclei, with many valence particles and far away from

closed shells. Neglecting any potential sub-shell closures, the nucleus with A < 208 that has the

largest number of valence particles is 170
66 Dy104, lying precisely in the middle of the closed proton

Z = 50,82 and neutron N = 82,126 shells, with Z = 66 and N = 104. Thus, 170Dy has become

a central calibration point for tests of collective as well as single-particle models [1, 2, 3, 4]. The

amount of collectivity has been shown to have a smooth dependence on both the energy of the first

excited state, E(2+), and the reduced transition probability from the first state to the ground state,

B(E2:2+ → 0+), as well as the energy ratio of the first excited 4+ and 2+ states, E(4+)/E(2+).

Indeed, this region in the nuclear chart covers the largest area where known data show very smooth

collective behavior, as illustrated in Figure 1.
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Figure 1: Systematics of the energy ratios of the first 4+ and 2+ excited states (left) with 170Dy marked

by dashed magenta lines. In the right panel is a enlargement of the region immediately below N = 104 and

Z = 66, together with some recent physics studies from this region highlighted.

What speaks against this simplistic picture are possible deformed and spherical sub-shell clo-

sures and other deviations from the smooth systematics that are observed in, for example, 190W

[5, 6, 7] and along the N = 100 isotone chain [8, 9, 10], the latter illustrated in Figure 1. In-

deed, some theoretical studies predict that the quadrupole deformation maximum occurs below the

N = 104 mid-shell neutron number within an isotope chain [4, 3, 11], while experimental data

indicate that the deformation increases as Z decreases below mid-shell [9, 10].

From a single-particle point of view, one predicted property of 170Dy is the long-lived Kπ = 6+

two quasi-particle isomer [3, 4, 12], where K is the total angular momentum projection on the

prolate symmetry axis. The structural and decay properties of this kind of isomeric states serve as a

sensitive test of the structural evolution in the well deformed nuclei. for example, recent work with

EURICA shows how one can use such isomers to probe higher-order deformations [13] and how
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neutron- and proton quasi-particles together can form highly hindered high-spin isomeric states,

also illustrated in Figure 1. In particular, the reduced hindrance of an isomeric state can provide

information about the purity of the isomeric state and the nuclear rigidity versus the amount of

mixing or γ softness exhibited.

2. Experiment

During November 2014 an experiment was carried out at the RIBF at RIKEN to study 170Dy,

where these nuclei as well as the β -decay parent nuclei 170Tb were produced by in-flight fission of

a 345 MeV/u 238U beam with 10 pnA intensity, incident on a Be target [14]. The experiment was

carried out with two BigRIPS separator settings: 13.5 hours focusing on 170Dy (∼ 10000 implan-

tations); and 45 hours focusing on 172Dy, during which ∼ 2500 170Tb nuclei were implanted. The

fragments were separated and identified in the BigRIPS separator and the ZeroDegree spectrome-

ter [15] event-by-event, based on their mass-to-charge ratio (A/q) and atomic number (Z). At the

final focal plane of the beam line they were implanted in the WAS3ABi active stopper [16, 17].

The γ rays emitted following isomer and β decay of the implanted nuclei were detected using EU-

RICA (Euroball-RIKEN Cluster Array) [16, 18]. The total full-energy peak detection efficiency

of EURICA was, in this experiment, about 9% at a γ-ray energy of 1 MeV. Implanted ions were

correlated to β -decay events when occurring within 2 mm of each other. Due to the high contami-

nation of lighter fragments, a large plastic scintillator was placed behind WAS3ABi and used as a

veto detector for fragments passing through the silicon detector. The level scheme obtained from

this experiment is shown in Figure 2

Figure 2: Partial level scheme of 170Dy. The thick Kπ = 6+ level at 1644 keV represents the isomeric state.

Unfilled parts of the arrows correspond to estimated transition strengths associated with electron conversion.

This level scheme has previously been published in Reference [14].

3. Collective Structures

One of the aims of this experiment was the evolution of collective structures in the mid-shell

2
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region. Some discussion on the evolution of the yrast band has recently been published in Refer-

ence [19, 20]. As mentioned in the introduction, the naïve picture is that the collective structures

show a smooth evolution from the closed shells to mid-shell. On the other hand, self-consistent

Hartree-Fock calculations with a variety of Skyrme parameterizations all suggest that the deforma-

tion maximum is expected at either 166Dy or 168Dy [3]. This is also consistent with the calculations

made by Möller and Nix using the finite range liquid drop model [11], where 168Dy has the largest

value. However, the decrease in E(2+), E(4+), as well as the increase of R(4/2) suggest that the

collectivity and deformation continue to increase at least until N = 104. This is more consistent

with the naïve neutron mid-shell picture rather than the more comprehensive nuclear models.

Another interesting aspect is the evolution of non-yrast states as a signature of changes in

collective structure. These are also expected to change smoothly with neutron number and, in

particular, the second 2+ are expected to highlight changes in γ softness while the negative parity

1−, 2− and 3− states are often related to octupole deformation. In Figure 3, the systematics of the

known 2+2 and 3−1 in the region discussed in these proceedings are shown. It is interesting to note

that these do indeed evolve rather smoothly with an on average almost constant value of 2+2 within

the dysprosium chain above N = 90, while the 3−1 states show a decreasing trend of about 50 keV

per neutron pair in the same chain.
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Figure 3: Systematics of the 2+2 (left) and 3−1 states (right) in the region discussed in these proceedings.

4. Single-particle Structures

Based on a scheme correlating collective observables to the product of valence protons and

neutrons we would expect the 6+ isomer to have a lifetime of ∼ 3 s [12], given the energy reported

in Reference [14] and assuming the hindrance of all decay channels scale the same, while the

measured value is just 1 µs, roughly six orders of magnitude shorter. While it is indeed possible

to measure very long-lived isomers in EURICA via conversion electron triggered γ rays within the

5 ms to 80 s range, with the 4 s isomer in 174Er [21] being observed in this very experiment [22],

these very long lived states were searched for but none was observed. While the reduced hindrance

of this transition is far below the extrapolated value from 172Er, 174Yb, 176Hf and 178W, it is worth

noting that it is still the second highest in the N = 104 chain, second only to 174Yb.
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The low-K states are less straightforward to interpret than the high-K ones as they are created

through an interplay of several different configurations and have a tendency to be collective. In Ref-

erence [14] we suggest a 2− ground state in 170Tb. For β decay into a Fermi surface h11/25/2−[532]

proton the h9/25/2−[512] neutron could be a candidate that contribute to the formation of negative

parity states as observed in Reference [14]. Coupling this neutron hole with g9/21/2+[651] could

create the 2− and 3− states observed. However, such a two-neutron configuration would be ener-

getically unfavored by residual interactions, and the 3− coupling of the same two neutrons would

most likely have lower energy.

Another option is that a h11/2π7/2−[523]⊗ πd5/23/2+[411] configuration is populated as a

pure two-proton configuration, where the 2− coupling is energetically favoured, if the 170Tb ground

state is the d5/2π3/2+[411]⊗ h9/2ν5/2−[512] orbital is the ground state in 170Tb. This would be

consistent with the assignment of the 2− band-head at 1148 keV in 162Dy [23] where this configu-

ration was suggested contribute significantly to the 2− band. Another interesting notion from 162Dy

is that this two-quasi-particle state is expected to be the dominant component of the 2− octupole

vibration. Possible orbitals involved in the formation of 6+ and 2− states are shown in Figure 4.

Figure 4: Relevant Nilsson orbitals for protons (left) and neutrons (right) as a function of β2 deformation.

Solid lines represent positive parity and dashed lines negative parity orbitals. The green area represent the

Fermi surface of 170Dy. Also included are the particle-hole (solid-open circles) states discussed in these

proceedings.

In Figure 5 we show potential energy surface calculations in (β2,β4,β6) deformation space

performed for Reference [14]. These calculations give an excitation energy of 1.43 MeV for the

7/2−[523]⊗3/2+[411] 2-proton configuration in 170Dy, while for the calculations in (β2,β3,β4,β5)

deformation space, the excitation energy is 1.532 MeV. The excitation energy for the 5/2−[512]⊗

1/2+[651] configuration in the (β2,β3,β4,β5) deformation space is 2.132 MeV, using an adjusted

4
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pairing strength, see discussion in Reference [14]. While this discussion consider these configura-

tion in their pure form, it is possible to have a two-proton configuration mixing with a two-neutron

configuration of the same spin and parity. This could build up some collectivity, where the lowest

state would then be a mixture of both configurations and lower in energy than either would be if

unmixed. While the above discussion is also valid for the second 2− state observed, we note that,

using the interacting boson model with an additional f boson, the lowest lying octupole deformed

state has been predicted to be a 2− state at 1.81 MeV [24]. While it is not possible to definitely

assign the nature of the second 2− state as a octupole deformed state or a two-quasi-particle state,

of a mix of these, from the current data, both the first and the second 2− states could be tenta-

tive candidates for octupole deformation. This is not in disagreement with the potential surface

calculations of the 5/2−[512]⊗1/2+[651] state that show a slight increase in β3 softness.
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Figure 5: Projections in the (β2,β3) plane of the potential energy surfaces (left), minimized in the

(β2,β3,β4,β5) space, for the ground state, ν5/2−[512]⊗ν7/2−[514] state, π7/2−[523]⊗π3/2+[411] state,

and ν5/2−[512]⊗ν1/2+[651] state. The contours are at 100 keV distance from each other, and the lowest

500 keV contours have been color coded. The energies of the excited states are shown in the right panel with

a possible assignment to the experimentally observed states.

5. Summary

We have performed a γ-decay experiment at RIKEN to study 170Dy. The experiment was

performed using the EURICA setup, which couples the worlds highest intensity in-flight fission

facility with a high-efficiency HPGe array. The results from this experiment provide a wealth of

information on this nucleus, including the evolution of quadrupole collectivity, rigidity and higher

order deformations, as well as the long sought for isomeric K = 6+ state. These results provide us

with a rich level scheme for discussing both single-particle and collective structures at mid-shell.
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