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Ground-state and decay properties of neutron-rich 106Nb1
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The ground-state properties of neutron-rich 106Nb and its β decay into 106Mo have been studied
using the CARIBU radioactive-ion-beam facility at Argonne National Laboratory. Niobium-106 ions
were extracted from a 252Cf fission source and mass separated before being delivered as low-energy
beams to the Canadian Penning Trap, as well as the X-Array and SATURN β-decay-spectroscopy
station. The measured 106Nb ground-state mass excess of -66202.0(13) keV is consistent with a
recent measurement but has three times better precision; this work also rules out the existence of a
second long-lived, β-decaying state in 106Nb above 5 keV in excitation energy. The decay half-life of
106Nb was measured to be 1.097(21) s, which is 8% longer than the adopted value. The level scheme
of the decay progeny, 106Mo, has been expanded up to ≈4 MeV. The distribution of decay strength
and considerable population of excited states in 106Mo of J ≥ 3 emphasises the need to revise the
adopted Jπ = 1− ground-state spin-parity assignment of 106Nb; it is more likely to be J ≥ 3.
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I. INTRODUCTION18

Atomic nuclei that bridge the chart of nuclides between19

the so-called ‘valley of stability’ and ‘neutron drip-line’20

play diverse roles in nuclear science. As well as providing21

important tests of fundamental nuclear-structure theory,22

quantitative measurements of their ground-state and de-23

cay properties provide highly valued constraints of stellar24

nucleosynthesis models [1] and decay-heat calculations25

for the nuclear energy sector [2].26

The flow of r-process nucleosynthesis across the27

neutron-rich landscape is largely dictated by the near-28

parabolic shape of the valley of stability. Variations in29

binding energy per nucleon along isobaric chains deter-30

mine both the extreme limit of the neutron drip-line and31
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each nuclide’s Q-value for β decay back towards stabil-32

ity, thereby modulating the timescale of the entire pro-33

cess. To a large extent, this parabolic shape is a result34

of the bulk properties of nuclear matter and is captured35

by even the simplest liquid drop models. However, when36

inspected in detail, nuclear structure plays a significant37

role in modulating r-process isotope production [3].38

The most prominent structure effects are the major39

shell closures at N = 50, 82, and 126, which cause bot-40

tlenecks in the r-process flow and enhanced abundance of41

elements produced at these locations [4]. Beyond that,42

smaller effects, like shell-driven areas of large deforma-43

tion, shape coexistence, nuclear isomers, and anoma-44

lously slow β decays (caused by large spin differences,45

or poor overlap of parent and daughter wave functions)46

result in more modest modulations in the final r-process47

stable-isotope production. The exact locus of the r-48

process is still not accurately known, and most nuclei49

on the expected path are yet to be produced and mea-50

sured. Experimental study of these nuclei is a major goal51

of new, ‘next-generation’ radioactive-beam facilities cur-52

rently under construction. Many important cases are re-53

fractory elements, whose production is suppressed with54

current Isotope Separation On-Line (ISOL) techniques.55

However, a growing number of recent results have yielded56

a wealth of nuclear-structure information and consider-57

able progress is being made in pushing into this neutron-58

rich region with existing infrastructure, motivated by59
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both astrophysical and nuclear-structure reasons.60

This specific research is aimed at clarifying the mass61

and spin of highly deformed 106Nb, and at seeking a62

long-lived, low-lying β-decaying isomer, similar to those63

found in 100,102,104Nb. Such isomers are ubiquitous in64

odd-odd nuclei in the region; a consequence of near-65

degenerate structures of pure pf -shell, or g-shell, parent-66

age. The structure of the progeny, 106Mo, has been67

well investigated through prompt-fission-fragment γ-ray68

spectroscopy, but our β-decay study populated a wealth69

of new low-spin levels and offers access to particle-hole70

states not seen in prompt fission. During the preparation71

of this manuscript, a similar β-decay study performed at72

the RIKEN RI Beam Factory was published [5]. The73

results presented below are in broad agreement with the74

findings of the RIKEN work, although some details differ,75

both in the data and in their interpretation.76

II. EXPERIMENT DETAILS77

This work was performed at the CAlifornium Rare78

Isotope Breeder Upgrade (CARIBU) facility at Argonne79

National Laboratory. Here, neutron-rich radioactive nu-80

clei produced in the spontaneous fission of 252Cf are ex-81

tracted and thermalised in the CARIBU gas catcher. The82

species of interest is mass-selected by an isobar separa-83

tor, bunched, and delivered to the required experimental84

area. Details relevant to the reported experiments are85

provided below. For a more detailed description of the86

CARIBU facility, we refer the reader to existing litera-87

ture, for example Ref. [6]. Here, we report on the first88

dedicated inspection of the ground-state and decay prop-89

erties of 106Nb via complementary nuclear mass measure-90

ments and β-delayed γ-ray spectroscopy.91

A. CANADIAN PENNING TRAP92

A mass measurement was performed using the Cana-93

dian Penning Trap (CPT) [7] to confirm the accuracy of94

the reported 106Nb ground-state mass [8]. At CARIBU,95
106Nb ions were extracted from the gas catcher in a 2+96

charge state, and a bunched beam was produced at a97

repetition rate of 10 Hz. To remove unwanted contami-98

nant ions from the beam, the new Multi-Reflection Time-99

Of-Flight (MR-TOF) mass separator [9] was employed.100

Ion bunches were captured in the MR-TOF and allowed101

to isochronously cycle between the two ion mirrors for102

a duration of 10 ms, wherein a mass resolving power103

of R = m/∆m > 50, 000 was achieved. A Bradbury-104

Nielsen Gate [10] at the MR-TOF exit was used to se-105

lectively transfer 106Nb2+ ions to the low-energy experi-106

mental area, while suppressing other A = 106 isobars by107

several orders of magnitude.108

The resulting ion bunches were collected in a cryogenic109

linear RFQ trap, where they were cooled and re-bunched110

for injection into the Penning trap. The mass mea-111

surement was conducted using the Phase-Imaging112

Ion-Cyclotron-Resonance (PI-ICR) technique [11]. In113

this method, a position-sensitive micro-channel plate is114

used to infer the phase of the orbital motion of trapped115

ions at some given time. The cyclotron frequency (νc)116

is determined by measuring the change in phase during117

a period of excitation-free accumulation (tacc). After118

time tacc in the Penning trap, the ions are ejected119

and the position of the ions at the detector plane is120

measured. Ions acquire a mass-dependent phase during121

the accumulation time and form clusters (or spots) at122

some radius from the projected trap centre. The angle123

between these spots and a mass-independent reference124

spot is measured (φc) and the cyclotron frequency is125

given by:

126

127

νc =
φc + 2πN

2πtacc
, (1)

where N is the integer number of revolutions during the128

time tacc. The technique provides high sensitivity and129

resolution, and is therefore also well-suited to search for130

low-lying or weakly produced isomers. A 1-s accumula-131

tion time results in a mass resolution of R ≈ 1.5 × 107.132

Details of the implementation of this measurement tech-133

nique at the CPT are introduced in Refs. [12, 13].134

B. X-ARRAY AND SATURN135

DECAY-SPECTROSCOPY STATION136

The β-decay properties of 106Nb were investigated us-137

ing the X-Array and SATURN decay-spectroscopy sta-138

tion [14]. The decay-spectroscopy station consists of up139

to five high-efficiency High-Purity Germanium (HPGe)140

clover-style γ-ray detectors, and a plastic scintillator of-141

fering almost complete solid-angle coverage. The system142

has been demonstrated to be a powerful spectroscopy143

device with low-intensity, radioactive-ion beams [15]. A144

low-energy beam of mass-separated 106Nb ions, bunched145

and delivered at 100-ms intervals, was deposited on a146

movable aluminized-mylar tape located in the geometric147

centre of the array at a rate of 100-200 ions/second. The148

X-Array configuration described in Ref. [14] was modified149

slightly for this experiment. The clover detector located150

on the left-hand-side of the X-Array, as observed by the151

oncoming beam particles, was removed and replaced with152

five unshielded LaBr3 scintillators. The purpose here was153

to test the capacity of the modified X-Array to measure154

excited-state lifetimes. Unfortunately, due to the high155

level of room-background, no useful information was ex-156

tracted from the LaBr3 detector data, and so these are157

not discussed any further here.158

Despite the MR-TOF described above not being avail-159

able at the time, the beam delivered for this experi-160

ment consisted primarily of mass-selected 106Nb ions.161

Small contributions from neighbouring isobars, 106Zr and162
106Mo, may be expected due to the small mass differences163
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and the maximum achievable mass resolution of the iso-164

bar separator at the time of this experiment. However,165

the presence of 106Zr is effectively suppressed due to the166

relative proportion of its spontaneous fission branch and167

the low intensity of the radioactive-ion beam. There are168

no known γ rays associated with 106Zr → 106Nb β de-169

cay for identification. Six 106Nb γ-ray transitions with170

relative intensities > 10% are known from prompt-fission171

spectroscopy [16]; these were undetectable in both the172

γ-ray singles and coincidence data. Any beam contami-173

nation leading directly to 106Mo→ 106Tc decay would be174

suppressed along with the other long-lived isobaric con-175

tamination by the repeating beam cycle, described below,176

that was applied throughout the experiment.177

Data were collected in two modes of repeating tape-178

movement cycles: one lasted for 14.0 s; the other for179

7.5 s. The growth-and-decay collection cycle of alter-180

nating ‘beam on’ and ‘beam off’ periods was achieved181

by switching an electrostatic beam deflector with the182

SATURN logic control system. The implantation tape183

was moved at the end of each cycle to suppress accu-184

mulation of activity from long-lived decay products at185

the collection site. The longer cycle was used to mea-186

sure the 106Nb decay half-life; this technique was suc-187

cessfully demonstrated in the earlier work of Ref. [17].188

The shorter cycle was adopted to maximise the collec-189

tion rate for 106Nb decay. While isobaric contamination190

of the γ-ray spectra was suppressed by the moving tape191

cycle, the relatively short half-lives involved meant that192

some level of contamination was unavoidable. Over time,193

activity build-up on the tape led to contribution of iso-194

baric β decay from 106Mo → 106Tc (T1/2 = 8.73(12) s)195

and 106Tc→ 106Ru (T1/2 = 35.6(6) s). Since the half-life196

of 106Ru is T1/2 = 371.8(18) days [16], this was effectively197

the end of the decay chain over the days-long timescale of198

this experiment. The photopeak of the most-intense γ-199

ray transition observed in 106Mo is five-to-six times larger200

than the corresponding transitions in 106Tc and 106Ru.201

In many cases, it was possible to confirm assignments of202

new γ rays to the appropriate isobar by measuring the203

associated β-decay half-life.204

Standard γ-ray sources of 243Am, 56Co, 152Eu, and205
182Ta were used to calibrate the detection efficiency of the206

X-Array up to ≈3.5 MeV. Well-known, room-background207

γ rays were also used to obtain an energy calibration ex-208

ceeding the range of interest for this experiment (which209

was Eγ ≈3 MeV). In particular, high-energy γ rays pro-210

duced from (n,γ) reactions, a consequence of the high211

neutron flux emitted from the CARIBU 252Cf source,212

were used to confirm the appropriate use of a linear cal-213

ibration. Photopeaks of these γ rays appear in the γ-214

ray singles data, but are removed by applying a β- or215

γ-coincidence condition in offline data sorting. System-216

atic uncertainty of the energy calibration was found to be217

<∼ 0.1 keV. The uncertainties of measured γ-ray energies218

quoted in this work include the systematic uncertainty,219

as well as the statistical uncertainty associated with the220

fitting routines of the gf3 software package [18]. The221

0 50 100 150 200 250
Phase projection ( )

0

40

80

120

160

C
ou

nt
s

(b)

104MoH2
2+

106Nb2+

(a)

106Nb2+

8 6 4 2 0 2 4
X (mm)

2

0

2

4

6

8

10

Y 
(m

m
)

2

4

6

8

10

12

14

16

18

104MoH2
2+

10

8

6

4

2

0

-2

y 
(m

m
) 

y (mm) 
-8 -6 -4 -2 0 2 4

160

120

80

40

0
0

C
ou

nt
s

2

4

6

8

10

12

14

16

18
(a)

(b)

106Nb2+106Nb2+

104MoH22+

106Nb2+

104MoH22+

50
Phase projection (deg)

200 250100 150

FIG. 1. Example CPT spectra acquired using the PI-
ICR technique with tacc = 190 ms. (a) Ions acquire a
mass-dependent phase, forming characteristic ‘spots’, during
the collection time in the trap; the 106Nb2+ and molecular
104MoH2

2+ are identified. (b) Corresponding phase projec-
tion of 106Nb2+ and the 104MoH2

2+ contaminant.

measured energy resolution of the X-Array in this work222

was 2.5 keV at 1000 keV, 3.7 keV at 2000 keV and 4.2 keV223

at 3000 keV.224

Data were collected using a digital acquisition system225

(DAQ) that applied a free-running trigger. Signals from226

the individual clover crystals and tape-cycle reset trigger227

were input directly in the DAQ. The outputs of three228

Hammamatsu PMTs associated with the BC-408 plastic-229

scintillator detector in SATURN were coupled together230

and amplified before being delivered to the DAQ. Data231

were sorted offline into a combination of singles spectra232

and coincidence matrices that were used in the subse-233

quent analyses discussed below.234

III. GROUND-STATE PROPERTIES OF 106NB235

A. GROUND-STATE MASS236

The CPT system was calibrated by measuring the cy-237

clotron frequency of 52Cr+, which is readily available at238

CARIBU and has a precisely known mass [8]. To re-239
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FIG. 2. Mass resolving power and resolvable mass differences
with the PI-ICR technique (black line) as a function of accu-
mulation time, tacc. For comparison, the achievable resolv-
ing power with the Time-of-Flight Ion-Cyclotron-Resonance
(TOF-ICR) technique (red line) is also shown.

duce systematic uncertainties, the calibration was per-240

formed under the same experimental conditions as the241
106Nb mass measurement, using the same accumulation242

times. A single contaminant species, 104MoH2+
2 , was243

identified in the 106Nb2+ beam with an intensity roughly244

20 times weaker than the collected 106Nb ions. Accu-245

mulation times were chosen such that the contaminant246

molecule and 106Nb were completely resolved in the mea-247

sured spectra.248

Measurement of the 106Nb cyclotron frequency was249

achieved from several phase-accumulation times near250

190 ms. An example phase-measurement spectrum is251

provided in Fig. 1. With the PI-ICR technique, an in-252

crease in the accumulation time results in a correspond-253

ing increase in mass resolving power of the measurement;254

this is presented in Fig. 2. As tacc increases, the spot255

size FWHM also increases, which results in the drop-off256

from the extrapolation line. If a long-lived, excited state257

were to occur in 106Nb within approximately 30 keV of258

the ground state, it could be partially obscured by the259

spot for tacc ≈ 190-ms accumulation. In this work, the260

accumulation time was scanned between approximately261

15 ms ≤ tacc ≤ 1500 ms, with several intermediate steps,262

to search for any unknown, long-lived (T1/2 ≥ 10 ms)263

excited states in 106Nb. As the corresponding mass re-264

solving power surpasses the physical mass difference be-265

tween the ground state and any possible isomer, the two266

would separate into resolved spots. The evolution of the267

spot FWHM with accumulation time was within the tol-268

erance that is expected due to Penning trap voltage in-269

stabilities, resulting in an exclusion limit of ≤ 5 keV on270

the excitation energy of any potential long-lived isomer.271

From the measured cyclotron frequency, the ground-state272

mass of 106Nb was found to be −66202.0(13) keV, which273

is in agreement with the value of −66203(4) keV from274
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FIG. 3. (a) Illustration of the 14-s beam cycle used in the ex-
periment. The data are gated on the 172-keV (2+1→ 0+1 ), 351-
keV (4+1→ 2+1 ), and 539-keV (2+2→ 2+1 ) transitions in

106Mo.
Different stages of the time cycle are indicated at the top
of the figure: (I) Room background; (II) Beam-on collection;
(III) Beam-off collection; (IV) Mylar tape movement; and (V)
Room background. Exponential functions fit to the ‘beam-
off’ period are shown for each individual γ-ray transition. (b)
The measured half-lives are provided along with the updated
evaluation of Ref. (Singh 2015: [20]) and recent measurement
of Ref. (Ha 2020: [5]). The weighted mean (solid line) ± 1σ
(dashed lines) of the three individual measurements from this
work gives a value of T1/2 = 1.097(21) s, which is consistent
with the work of Ha et al. [5] (1.10(5) s) but is ≈8% larger
than the adopted value (1.02(5) s).

Ref. [19] which was adopted in the 2016 Atomic Mass275

Evaluation [8]. In the previous work, the masses of sev-276

eral Nb isotopes, including 106Nb, were measured with277

the JYFLTRAP double Penning trap [19]. In that exper-278

iment, the expected isomer in 104Nb was not observed,279

and there is no mention of a search for an isomer in 106Nb.280

B. β-DECAY HALF-LIFE281

The most-recent NNDC evaluation of 106Nb [20] re-282

ports a β-decay half-life of T1/2) = 1.02(5) s. This is283

the value reported in Ref. [21] from decay curves for the284

172- and 351-keV transition; other values ranging from285
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106Nb as a function of excitation energy of the decay progeny,
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and derived from γ-ray intensities given in the most-recent
data evaluation (De Frenne 2008: [16]) (black). A β-delayed
neutron branch of 4.5(3)% for 106Nb is assumed [16].

0.90(2) s to 1.240(21) s from the references stated therein286

are excluded by the evaluator. Application of a repeat-287

ing on and off data-collection cycle, in phase with beam288

delivery to the spectroscopy station, allowed the β-decay289

half-life of 106Nb to be measured in this work with greater290

precision. Data were sorted into a two-dimensional ma-291

trix of HPGe γ-ray time relative to the beginning of the292

data-collection cycle versus the measured energy of that293

γ ray. Exponential decay curves were obtained by ap-294

plying a cut on individual γ-ray energies and project-295

ing the data onto the timing axis. The decay half-life296

was obtained by fitting an exponential function with a297

constant background to the beam-off portion of the cy-298

cle (indicated in Fig. 3). This process is presented for299

three γ-ray transitions that depopulate low-lying excited300

states in 106Mo, namely the 172-keV (2+1→ 0+1 ), 351-301

keV (4+1→ 2+1 ), and 539-keV (2+2→ 2+1 ) transitions. A302

weighted mean of these values suggests that the β-decay303

half-life of 106Nb is T1/2 = 1.097(21) s. The larger un-304

certainties of the data points for Eγ= 351, 539 keV are305

reflective of lower statistics. This result is consistent with306

recent measurement of Ha et al [5], which has a larger307

uncertainty (T1/2 = 1.10(5) s). The improved precision308

points to a discrepancy of ≈8% with the current adopted309

value of 1.02(5) s [20].310

C. APPARENT β-DECAY FEEDING311

Apparent β-decay feeding intensities have been ob-312

tained through a balance of the measured γ-ray in-313

tensities that feed and depopulate each level; the ex-314

panded level scheme is discussed in detail below. A β-315

delayed neutron-emission branch of 4.5(3)% for 106Nb316

is reported in the literature (see Refs. [22, 23], for ex-317

ample). Several 105Mo γ rays [24] were identified in318

the coincidence data by setting gates at energies corre-319

sponding to transitions in this nucleus. For example,320

the strongest transition that depopulates the first ex-321

cited state at 95 keV is of mixedM1+E2 character, with322

mixing ratio δ = -0.24(4) and total internal conversion323

coefficient α = 0.355(22) [24]. A coincidence gate on324

this γ ray revealed the two strongest transitions (when325

fed from 105Nb β decay) at 138 keV and 254 keV. For326

reference, I105γ (254) ≈ 1%[I106γ (172)]. No γ rays from327

105Mo → 105Tc β decay were observed.328

The total apparent β feeding to excited states in 106Mo329

was normalized to account for the adopted β-delayed neu-330

tron branch; accumulation as a function of level excita-331

tion energy is presented in Fig. 4 for this work, along with332

that of Ref. [5] and Refs. [16, 21]. This highlights the all-333

too-common deficiencies of limited historical data avail-334

able in the literature, particularly concerning the decay335

properties of neutron-rich isotopes in this region. The336

adopted levels [16, 21] suggest that the average energy337

released from relaxation of the decay product, weighted338

by the quoted β-feeding intensities, is ≈950 keV. In the339

proposed decay scheme of Ref. [5], this value increases by340

approximately 30% to ≈1300 keV, which is similar to the341

feeding distribution observed in this work.342

Further still, the large β-decay Q value of343

9.931(10) MeV and lack of excited states observed344

above 4 MeV implies that the Pandemonium effect [25]345

may be strong in this nucleus. Direct feeding of high-346

energy states embedded in a region of high level density347

would result in a cascade of low-energy, low-intensity348

γ rays that are below the threshold of sensitivity for349

this measurement. As a result, the individual apparent350

β-feeding intensities are quoted as upper limits in351

Table I. Using the measured decay half-life, β-feeding352

intensities and adopted Q value, log-ft values have been353

calculated using the NNDC LOGFT program [26]. The354

range of extracted log-ft values, ≈ 6.0 − 7.0, suggests355

that the observed excited states in 106Mo are most likely356

populated via a series of allowed or first-forbidden β357

decays.358

Since the adopted ground-state spin-parity assignment359

of 106Nb is Jπ = 1− [16], the β-feeding pattern should be360

dominated by allowed Gamow-Teller and Fermi decays361

to Jπ = 0,1,2− states in 106Mo, which must lie above the362

pairing gap in the even-even decay product. One would363

expect these states to be connected to the lowest-lying364

levels via electric dipole decays; however, this is not the365

case. Also, we do not report any excited 0+ states in366

this work, while only a modest fraction of the observed367

β feeding proceeds to known 2+ levels. In fact, it was368

surprising to find that at least half of the observed β369

feeding was to known states of spin J = 3− 5. This370

distribution of apparent β-feeding strength appears to371

rule out a Jπ = 1− assignment for the 106Nb ground372

state, and is discussed in further detail below.373
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106Mo, from (top) 0 keV to 1500 keV, and (bottom) 1500 keV to 3000 keV. The γ rays from transitions in 106Mo are labelled
with their energies. Note the change of y-axis scale at 750 keV in the top panel.

IV. OBSERVED γ DECAY OF 106MO374

Observed γ rays were assigned to 106Mo through in-375

spection of γ − γ coincidence relationships and β-decay376

half-life measurements. Placement of γ rays in the 106Mo377

decay scheme was achieved through gating on known378

transitions that strongly depopulate low-lying excited379

states. Examples of background-subtracted projections380

of the γ-γ coincidence matrix used in this work, gated381

on transitions that depopulate the established 172-keV382

(Jπ = 2+1 ), 351-keV (Jπ = 4+1 ), 710-keV (Jπ = 2+2 ), 885-383

keV (Jπ = 3+1 ), and 1435-keV (Jπ = 4+2 ) levels are pre-384

sented in Figs. 5, 6, and 7, respectively. Where possible,385

the locations of excited states, and transitions that con-386

nect them, were confirmed by applying γ-ray coincidence387

gates to transitions lying higher in the level scheme. The388

same techniques were applied to confirm the identifica-389

tion of isobaric contamination in the data.390

Most relative γ-ray intensities, Iγ , were determined by391

gating on a transition that depopulates the level to which392

the γ ray under inspection is directly feeding. Photopeak393

yields measured in the coincidence spectra were corrected394

for their γ-ray detection efficiency, the gating transition395

detection efficiency and branching-ratio fraction, and, in396

the case of the 172-keV gate, internal conversion. A the-397

oretical conversion coefficient of 0.171(2) was calculated398

for this transition using the BRICC code [27], assuming399

that it is a pure E2 transition. Internal conversion is400

expected to have a small, or negligible contribution for401

almost all of the other transitions with higher energies;402

for example, the total conversion coefficient is ≈1% for403

the 351-keV (4+1→2+1 ) transition. Different approaches404

were taken for the three transitions that feed directly to405

the ground state: Iγ(172) was determined from the β-406

gated γ-ray singles data; Iγ(710, 1150) were found by407

gating on transitions that feed into these excited states.408

The measured branching ratios of these two γ-ray tran-409

sitions were consistent with the corresponding Iγ values410

measured from β-gated singles data. The Iγ(172) values411

from this work are reported in Table I, with the 172-keV412
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transition normalised to 100 units.413

A. EXCITED STATES OF 106Mo414

The work of Shizuma et al. in 1983 [21] was the first415

to exploit β decay of 106Nb as a means to investigate the416

level structure of 106Mo. For almost 40 years, this re-417

mained the only β-delayed γ-ray spectroscopy of 106Mo418

reported in the literature. Structurally, much of what is419

known on 106Mo has come through high-fold, γ-ray spec-420

troscopy of prompt fission fragments with preferential421

population of high-spin states and extended rotational422

bands [28–30]. At the time of writing, Ha et al. [5] exam-423

ined the role of triaxiality in 106−110Mo via the β-decay424

of 106−110Nb, extending the known level schemes of each425

isotope.426

Shizuma et al [21] reported the location of the yrast427

Jπ = 2+1 , J
π = 4+1 and Jπ = 6+1 states, and identified428

candidates for the Jπ = 2+2 , J
π = 3+1 and Jπ = 0+2 lev-429

els, while the work of Ha et al [5] extended the level430

scheme up to ≈3 MeV. Here, we confirm the locations of431

26 previously known excited states and 41 γ-ray transi-432

tions [5, 21], and further expand the level scheme up to433

≈4 MeV with an additional 16 excited states and 26 γ-ray434

transitions. In this manuscript, transitions and levels re-435

ferred to as “new” are in relation to both Ref. [16] and the436

recent observations reported in Ref. [5]. The proposed437

expansion of the level scheme is provided in Fig. 9. Four-438

teen of these excited states are associated with rotational-439

band structures identified in prompt spectroscopy of ac-440

tinide fission fragments [16]. A summary of the excited441

states observed in this work is provided in Table I, in-442

cluding level energies and spin-parity assignments, en-443

ergies and branching ratios of depopulating transitions,444

and apparent β-feeding intensities. Where possible, γ-445

decay branching ratios for transitions depopulating each446

level have also been obtained by gating on a strong tran-447

sition that feeds the level under inspection. Transition448

intensities reported in Ref. [5] are provided for reference449
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where they are available.450

While the decay scheme has been extended extensively451

from Refs. [5, 21], the highest-lying level at ≈4 MeV452

is still ≈3 MeV below the neutron separation energy of453

6.869 MeV [16]. Therefore, it is likely that a ‘Pandemo-454

nium’ [25] of direct β feeding occurs to a high-density re-455

gion of weakly populated states within this energy range.456

Such states are known to be beyond the sensitivity of457

discrete-line spectroscopy, and so further measurement458

of this nucleus adopting a technique such as ‘total ab-459

sorption gamma-ray spectroscopy’ will be required. For460

this reason, limits are quoted for the apparent β-feeding461

intensities.462

In this study, we confirm the locations of most ex-463

cited states and transitions presented in Ref. [5]. Four γ464

rays were not observed: the 188-keV (2+2→ 4+1 ), 175-keV465

(3+1→ 2+2 ), 223-keV (Jπ→ 5−), and 1624-keV (5−→ 4+)466

transitions. Examples of gated spectra in which the low-467

energy transitions would be expected are presented in468

Fig. 8. The 1624-keV γ ray would be observed in the 351-469

keV gate of Fig. 6. With the proposed 188-keV, 223-keV,470

and 1624-keV transitions, we do not observe a significant471
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FIG. 8. Background-subtracted projection of the β-gated, γ-
γ-coincidence matrix, gated on the (a) 351-keV (4+→ 2+), (b)
539-keV (2+→ 2+), and (c) 517-keV (Jπ → 5+

(1)
) transitions

in 106Mo, from 100 keV to 300 keV. Expected locations of
the unobserved γ rays from Ref. [5] are indicated by the red
arrows and discussed in the text.

rise above fluctuations in the background at these ener-472

gies. The 175-keV transition, if present, may be obscured473

by the dominant 172-keV transition. Reference [5] lists a474

1930-keV (2815 → 885) transition; in this work, we only475

observe that γ ray in coincidence with the 172-keV one476

and therefore, suggest a different placement in the level477

scheme with a new level at 2102 keV.478

We note two discrepancies with the low-lying states479

observed by Shizuma et al [21]: namely, the 957-keV480

(Jπ = (0+2 )) level and the 1280-keV one of unknown spin481

and parity. Tentative placement of the 957-keV level was482

based on the observation of a 785-keV γ ray in coincidence483

with the 172-keV transition. The non-observation of a484

957-keV γ ray connecting this level to the ground state485

was suggested as evidence for this being the Jπ = 0+2486

level. Two γ rays with similar energies (784 keV and487

785 keV) depopulating the 2090-keV and 1307-keV lev-488

els, respectively, were identified in prompt-fission studies.489

Coincidence relationships observed in the current work490

are consistent with this decay pattern, and confirmed by491

Ref. [5].492
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TABLE I: The γ-ray transitions and excited states in 106Mo observed in this work following the β decay of 106Nb. Initial-level
(Ei), final-level (Ef) and γ-ray (Eγ) energies are given in keV; uncertainties are discussed in the text. Spins and parities
are from Ref. [16] or proposed from the current work (a). Transition intensities (Iγ) are normalized to the 172-keV transition
(100(2) units). Transition intensities (Ilitγ ) and β-feeding intensities (Ilitβ−) presented in Ref. [5] are included here for comparison.
Limitations of the apparent β-feeding intensities (Iβ−) from this work are discussed in the text. For absolute intensity per 100
parent decays multiply Iγ by 0.71(8).

Ei Jπi Eγ Ef Jπf Iγ Ilitγ Iβ− Ilitβ−

(keV) (keV) (keV) (%) (%) (%) (%)

0 0+ – – – – – 0 <8.4

171.49(9) 2+ 171.5(1) 0 0+ 100(2) 100.0(5) 10(3) 7.3(8)

522.08(11) 4+ 350.6(1) 171.49(9) 2+ 38.6(7) 43.8(5) 12.1(8) 9.1(14)

710.36(11) 2+ 538.9(2) 171.49(9) 2+ 13.6(4) 15.6(3) 6.8(8) 2.8(6)
710.3(2) 0 0+ 15.7(4) 15.2(3)

885.07(12) 3+ 363.0(4) 522.08(11) 4+ 1.0(1) 0.7(2) 12.0(7) 8.7(7)
713.6(1) 171.49(9) 2+ 29.2(6) 31.9(4)

1033.08(23) 6+ 511.0(2) 522.08(11) 4+ 2.5(2) 8.2(15) 1.6(1) 5.5(11)

1067.50(12) 4+ 357.2(1) 710.36(11) 2+ 1.7(2) 2.1(2) 6.1(4) 7.9(5)
545.4(2) 522.08(11) 4+ 4.9(2) 7.6(2)
896.0(2) 171.49(9) 2+ 5.8(2) 6.1(2)

1149.80(9) (2+) 628.0(4) 522.08(11) 4+ 0.7(1) 2.4(3) 1.6(2)
978.2(2) 171.49(9) 2+ 2.1(2) 2.3(2)
1149.8(1) 0 0+ 1.9(2)

1306.60(19) 5+ 421.5(2) 885.07(12) 3+ 1.9(1) 3.5(2) 3.9(2) 5.4(8)
784.7(5) 522.08(11) 4+ 3.6(2) 5.5(7)

1434.78(12) 4+ 549.8(2) 885.07(12) 3+ 4.2(2) 6.9(2) 5.7(6) 7.0(5)
724.4(1) 710.36(11) 2+ 12.1(6) 14.0(3)
912.7(1) 522.08(11) 4+ 0.6(1)
1263.2(4) 171.49(9) 2+ 1.5(1) 1.4(2)

1536.1(3) (4+) 386.1(5) 1149.80(9) (2+) 1.4(4) 2.0(3) 1.0(2)
1014.1(3) 522.08(11) 4+ 1.4(1) 1.5(3)

1634.70(22) 1463.2(2) 171.49(9) 2+ 0.4(1) 0.3(1)

1657.59(24) 5+ 590.0(3) 1067.50(12) 4+ 0.9(2) 1.4(2) 1.0(1)
772.6(3) 885.07(12) 3+ 1.1(1) 1.4(2)

1663.10(22) 1491.6(2) 171.49(9) 2+ 0.4(1) 0.3(1)

1719.75(16) 652.4(2) 1067.50(12) 4+ 0.7(2) 1.7(2) 0.9(1)
1009.2(2) 710.36(11) 2+ 1.2(2) 1.3(2)
1548.3(3) 171.49(9) 2+ 0.5(1)

1770.6(4) 1599.1(4) 171.49(9) 2+ 0.4(1) 0.3(1)

1817.26(23) (3−) 932.2(3) 885.07(12) 3+ 1.5(2) 2.0(2) 2.4(3) 4.9(4)
1106.9(4) 710.36(11) 2+ 3.8(4) 7.4(3)
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TABLE I – continued

Ei Jπi Eγ Ef Jπf Iγ Ilitγ Iβ− Ilitβ−

(keV) (keV) (keV) (%) (%) (%) (%)

1882.15(21) 1359.7(5) 522.08(11) 4+ 1.9(2) 2.9(2) 1.9(1) 2.0(2)
1710.7(2) 171.49(9) 2+ 0.8(1)

1923.60(22) 1752.1(2) 171.49(9) 2+ 1.0(1) 1.6(2) 0.7(1) 1.1(2)

1936.79(18) (4−) 869.5(3) 1067.50(12) 4+ 1.5(3) 2.0(2) 2.0(3) 3.5(3)
1051.6(2) 885.07(12) 3+ 2.3(2) 3.1(2)
1414.5(4) 522.08(11) 4+ 0.5(1)

1952.18(23) (5−) 517.4(2) 1434.78(12) 4+ 3.8(3) 4.6(2) 2.7(2) 2.3(2)

1979.90(22) 1808.4(2) 171.49(9) 2+ 0.7(1) 0.5(1)

2021.1(3) (3,4)a 1849.5(4) 171.49(9) 2+ 3.2(2) 4.1(3) 1.9(2) 2.9(3)

2090.11(20) (5−) 783.5(2) 1306.60(19) 5+ 0.2(1) 1.3(7) 0.6(1) 2.7(5)
1022.6(2) 1067.50(12) 4+ 0.6(2) 2.5(2)

2100.1(4) 1928.6(4) 171.49(9) 2+ 1.2(3) 2.7(2) 0.9(2)

2102.4(4) 1930.9(4) 171.49(9) 2+ 1.4(3) 1.0(2)

2138.7(4) (4,5)a 1616.6(3) 522.08(11) 4+ 1.4(1) 1.0(1)

2146.7(8) (5−) 1113.6(7) 1033.08(23) 6+ 0.3(1) 0.3(2) 0.18(5) 0.5(2)

2184.78(20) (3,4)a 1299.9(3) 885.07(12) 3+ 0.4(1) 0.5(2) 0.9(1)
1474.4(3) 710.36(11) 2+ 0.9(3) 1.3(2)

2198.9(4) (4,5)a 1676.8(3) 522.08(11) 4+ 1.3(1) 2.2(2) 0.9(1) 1.5(2)

2296.4(6) (4,5)a 1774.3(5) 522.08(11) 4+ 0.9(1) 0.6(1)

2303.3(4) (5+) 1781.2(3) 522.08(11) 4+ 0.7(1) 1.4(2) 0.5(1) 1.0(1)

2416.2(4) (4,5)a 1894.1(3) 522.08(11) 4+ 0.5(1) 0.4(1)

2513.9(4) (4,5)a 1079.1(3) 1434.78(12) 4+ 0.5(1) 0.4(1)

2798.70(19) (4−)a 614.0(2) 2184.78(20) (3,4)a 0.6(1) 4.1(3) 5.2(3)
777.5(4) 2021.1(3) (3,4)a 0.6(1)
981.1(5) 1817.26(23) (3−) 0.5(1)
1363.9(3) 1434.78(12) 4+ 3.1(3) 5.9(2)
1913.6(3) 885.07(12) 3+ 0.9(2) 1.5(1)

2815.5(3) 878.6(3) 1936.79(18) (4−) 1.4(2) 2.0(3) 3.5(2)
998.5(4) 1817.26(23) (3−) 1.4(3) 2.3(1)

2898.3(5) 2013.2(4) 885.07(12) 3+ 0.5(1) 0.4(1)

2906.0(6) (4,5)a 1471.2(5) 1434.78(12) 4+ 1.4(2) 1.7(2) 1.0(1) 1.2(2)

3004.2(4) 2832.7(4) 171.49(9) 2+ 1.2(2) 0.8(1)

3157.4(5) 2272.3(4) 885.07(12) 3+ 0.5(1) 0.4(1)

3237.1(7) (4,5)a 1802.3(7) 1434.78(12) 4+ 0.4(1) 0.3(1)
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TABLE I – continued

Ei Jπi Eγ Ef Jπf Iγ Ilitγ Iβ− Ilitβ−

(keV) (keV) (keV) (%) (%) (%) (%)

3814.8(6) (4,5)a 2380.0(5) 1434.78(12) 4+ 0.4(2) 0.3(1)

3823.9(5) (4,5)a 2389.1(4) 1434.78(12) 4+ 0.8(2) 0.5(1)

While the location of the Jπ = 0+2 state is certainly493

not at 957 keV, several candidates are described below.494

However, further experiments are necessary to confirm495

the location and nature of these levels. Similarly, the496

1280-keV level was suggested on the basis of an 1108-keV497

γ-ray transition also found to be in coincidence with the498

172-keV one. Our analysis instead supports the place-499

ment of the 1108-keV transition as connecting the (3−)500

state at 1817 keV to the 2+ state at 710 keV. The repo-501

sitioning of this γ-ray transition is also noted in Ref. [5],502

so there is no excited state at 1280 keV.503

1. Confirmation of known states504

The 2+g , 4+g , and 6+g members of the yrast rotational505

band built on a prolate-deformed 0+ ground state (g)506

have been identified. While the locations of the 8+g and507

10+g members are known [16], they are not fed by β-decay.508

The band built on the Kπ = 2+ (γ band), 710-keV level509

is observed up to the 5+γ member at 1307 keV.510

Intra-band, ∆J = 2 transitions (4+γ→ 2+γ and 5+γ→ 3+γ )511

were identified, however there was no evidence for ∆J = 1512

transitions between the band levels. Known inter-513

band transitions between the γ and ground-state bands514

were observed, with the exception of the spin-increasing515

5+γ→ 6+g one. Branching ratios measured in the current516

work indicate that the 2+γ→ 0+g decay path is slightly517

enhanced with respect to the 2+γ→ 2+g transition.518

The strongest γ ray observed to feed the Kπ = 2+519

bandhead is the 724-keV transition from theK = 4, 1435-520

keV level. Guessous et al identified this as a candidate521

double-phonon γ-vibrational state [31]. The known 5+522

member of this band is also identified in the current work,523

although the 223-keV transition between these two lev-524

els was not observed. Three levels corresponding to a525

Kπ = 3−, negative-parity band, suggested to arise from526

a ν 3
2 [411]⊗ν

3
2 [532] configuration [16], have been identi-527

fied in this work. The γ rays connecting each of the528

levels in this sequence to the γ-vibrational band were ob-529

served. Two levels associated with a proposedKπ = (2+)530

band were also identified at 1150 keV and 1536 keV.531

Bandheads of the three other two-quasiparticle structures532

listed in the adopted levels have been observed: the (5−),533

1952-keV level (ν 5
2 [413]⊗ν

5
2 [532]); the (5−), 2147-keV534

state (π 7
2 [413]⊗π

3
2 [301]); and the (5+), 2302-keV level535

(π 1
2 [420]⊗π

9
2 [404]). A single γ ray was observed to de-536

populate each of these states; any other depopulating537

transitions that may occur fall below the level of sensi-538

tivity, Iγ ≥ 0.02×I172, of the present measurement.539

2. Identification of new states540

Seventeen previously unobserved excited states have541

been added in this work: ten decay directly by single542

transitions to levels within the yrast band, three are con-543

nected to the γ band, and four are connected to the544

proposed harmonic, two-phonon γ-vibrational state [31].545

While it is not possible to assign firm spins and parities546

to these new levels with the current data, it was possible547

to place spin constraints on some from the observed de-548

cay pattern. Where available, these are described in the549

text. Spin-parity assignments listed in Table I without550

parentheses are taken from the literature [16].551

Nine excited states are each observed to have a sin-552

gle γ-decay branch that connects it to one of the lev-553

els with a firm 4+ assignment. The weak apparent β-554

feeding intensities and lack of γ-decay branches to 2+ or555

3+ states suggest these are of moderate spin, and so a556

J = (4) or (5) assignment is suggested for these lev-557

els. The excited state at 2799 keV is unusual in that the558

apparent β-feeding intensity is larger than that of any559

other state observed above 2-MeV excitation energy, and560

multiple γ-decay pathways from the state were identified.561

Strong feeding to the 1435-keV, 4+ level and two J = 3562

levels and relatively low log-ft value of 6.07(1) suggest563

a tentative Jπ = (4−) assignment is appropriate for this564

level.565

V. DISCUSSION AND CONCLUSIONS566

The neutron-rich nuclei at A ≈ 100 have proven to be567

technically challenging from both experimental and the-568

oretical points of view. Ground-state charge-radii mea-569

surements point to a rapid spherical-to-prolate-deformed570

shape transition between N = 58 and N = 60 [32] sim-571

ilar to the well-established phenomenon observed be-572

tween stable N = 88 and N = 90 rare-earth nuclei573

[33]. This phenomenon appears to be strongest in zir-574

conium (Z = 40) [34], persists in neighbouring strontium575

(Z = 38) [35] and weakens in molybdenum (Z = 42) [36],576

an effect attributed to the triaxial nature of the latter iso-577

topes. This is supported by local trends in E(2+1 ) and578

B(E2; 0+2→ 2+1 ) values [37].579
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Coulomb-excitation measurements with radioactive-580

ion beams [38, 39] indicate that shape coexistence is581

prevalent in the region [40], whereby deformed Jπ = 0+2582

states at N < 60 migrate to become the ground states583

at N ≥ 60. Quantum phase transitions have been at-584

tributed as the driving force behind this rapid evolution585

of the nuclear shape [41, 42]. Beyond N = 60, there586

is increasing evidence that the deformation softens to-587

wards the neutron drip-line and that the triaxial degree588

of freedom plays in an important role in the behaviour of589

neutron-rich molybdenum isotopes [43–49].590

The picture becomes more complex in the adjacent,591

odd-Z niobium (Z = 41) isotopes. In the case of 106Nb592

(N = 65), only a single investigation into the level593

scheme exists in the literature from prompt-fission spec-594

troscopy [50]; direct observation of the β-decay prop-595

erties of this nuclide are similarly rare. Initial obser-596

vation of strong β-decay feeding to J = 4, 5 excited597

states in 106Mo prompted further investigation. Lighter-598

mass, odd-odd Nb isotopes exhibit an alternating pattern599

of low-spin/high-spin β-decaying ground states and iso-600

mers. At 106Nb, the traditional N = 64 neutron sub-shell601

closure is crossed, exposing a new valence space. While602

it is unlikely that the pattern of β-decaying isomers (see603

above) continues into 106Nb, it could explain the observed604

pattern in the γ-decay measurement.605

As discussed above, the new results indicate that606

the ground-state spin-parity assignment to 106Nb should607

be revised. The adopted assignment, Jπ = (1−), of608

Ref. [16] is based upon potential-energy surface (PES)609

and projected shell-model (PSM) calculations presented610

in Ref. [50]. They predict a triaxial π 3
2

−
[301]

⊗
ν 5
2

+
[413]611

ground state with (β,γ) = (0.35,15◦) deformation pa-612

rameters. At (Z,N) = (41,65), 106Nb lies a long way613

from the single stable isotope, 93Nb. Naively, one might614

predict the ground-state configuration to be dominated615

by a two-quasiparticle coupling of the odd proton and616

neutron outside the Z = 40 and N = 64 sub-shell clo-617

sures, respectively. The works of Kurpeta et al. [51]618

and Urban et al. [52] provide the most-recent consider-619

ations of the neighbouring isotope, 107Nb, and its iso-620

bar, 107Mo. They suggest (5/2+) and 1/2+ ground621

states, respectively, for these nuclides from a combina-622

tion of β-decay feeding and assessment of systematic623

trends. A prolate π 5
2

+
[422]

⊗
ν 1
2

+
[411] configuration624

with (β,γ) = (0.32,0) was predicted for 106Nb in the625

PES calculations of Ref. [50], however the excitation en-626

ergy is 597 keV. With maximal spin coupling, as per the627

Gallagher-Moszkowski coupling rule [53], a favoured 3+628

assignment would be expected. A 3+ ground state could629

explain most of the β-decay feeding pattern observed in630

this work; the feeding to 3±, and 4± states would then631

be accessible from allowed and first-forbidden β decays.632

The observed feeding to 5± states would favour a633

Jπ = (4±) assignment. Maximal spin coupling of the634

π 3
2

−
[301]

⊗
ν 5
2

+
[413] configuration from Ref. [50] dis-635

cussed above would result in a Jπ = 4− ground state;636

this assignment would violate the Gallagher-Moszkowski637

rule [53]. The requirement of such highly forbidden β638

decays to explain the observed feeding from a supposed639

1− ground state cannot be ignored. In light of our decay640

study, non-observation of a β-decaying isomer from our641

mass measurement, and the recent work of Ha et al [5],642

it is clear that the assumption of a Jπ = 1− ground state643

is incorrect and the spin assignments of all excited states644

in 106Nb are in need of a full reappraisal.645

If the 106Nb ground-state spin and parity were J = 3+,646

any β decay to the 106Mo ground state is ∆J = 3,647

∆π = 0. This would be a unique, second-forbidden de-648

cay. In nature, 12 such cases are documented [54], with649

the minimum log-ft being 13.9. With our new mass and650

decay half-life measurements, this would correspond to a651

branch of <10−6 % – far below the experimental sensi-652

tivity and sufficiently close to zero to not influence the653

calculated distribution of strength or normalization. If654

the spin and parity of 106Nb is J = 4−, the ground-state655

β decay is unique, third forbidden. The only documented656

example of such a decay in the periodic table has a log-ft657

value of 21, implying that the branch is <10−11 %.658

While the interpretation of 106Nb is uncertain, the pic-659

ture is much clearer for 106Mo. Several theoretical studies660

[55–59] point to an emergence of triaxial softness in the661

neutron-rich molybdenum isotopes beyond N = 60. In662

each case, triaxiality is essential to reproduce experimen-663

tal observations. This undoubtedly contributes to the664

evolution of collectivity across the isotopic chain.665

The distribution of excited states in 106Mo directly666

fed by the β decay of 106Nb has been mapped up to667

≈ 4 MeV. A gradual, somewhat linear, increase in cumu-668

lated β-feeding strength is observed between 1 MeV and669

2 MeV. An appreciable difference exists from the pattern670

of feeding to low-lying states reported in Ref. [16]. Ref-671

erence [5] reports an upper limit of 8.4 % direct feeding672

to the ground state; a 4−→0+ β transition most cer-673

tainly would not be observed with such a large intensity,674

or short decay half-life. While the possibility of a unique675

first-forbidden decay (4−→2+) cannot be excluded by the676

log-ft values, the large intensity (< 12.7%) is unusual for677

such a decay mode. Large feeding intensities that result678

from suggested unique first-forbidden β decay have also679

been reported in neighbouring 108,110Mo [5]. However,680

the apparent feeding intensities are also susceptible to681

strong Pandemonium effects, discussed above.682

Several of the new excited states observed in this work683

may be considered candidates for the elusive first-excited684

Jπ = 0+ state. If the 106Nb ground state has a J ≥ 3685

assignment, as expected, the candidate Jπ = 0+ state686

would not be fed directly from β-decay. Shape co-687

existence appears to be well established in the region688

and, therefore, one would expect to observe a low-lying689

Jπ = 0+ excited state in 106Mo; excited Jπ = 0+2 states690

in 108,110Mo are reported at 893.4 keV and 1042.2 keV,691

respectively, in Ref. [5]. Of the 17 new levels in 106Mo,692

seven are observed to decay via a single transition to the693

Jπ = 2+1 state. The present data are sensitive to γ rays694
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with intensities of ≈0.2% relative to the 172-keV tran-695

sition. While the possibility of weak ground-state feed-696

ing or branches to other states below this level of sensi-697

tivity cannot be ruled out, determining the true nature698

and location of any Jπ = 0+ levels will require dedicated699

experimental searches. A search for mono-energetic E0700

electrons from the direct decay of the Jπ = 0+2 level to701

the ground state might be productive; this would be the702

preferred decay mode if the co-existence is strong and the703

Jπ = 0+2 state lies only tens of keV above the Jπ = 2+1704

level.705

In the A ≈ 100 neutron-rich nuclei, despite very large706

deformation, K-isomers have not been found, possibly707

due to the fragility of the shell-stabilised shapes. In this708

specific case, the combination of a high Q-value for 106Nb709

β decay and soft shapes in the decay product leads to710

unusually large fragmentation, both in β-decay strength711

and the subsequent γ-decay cascade. This, then, appears712

to be a situation where ‘Pandemonium’ must occur, and713

so inferring the population of individual states from the714

observed γ intensity balance becomes problematic. Infer-715

ring log-ft values, and thus spin assignments and struc-716

ture information, from these β-decay branches, as sug-717

gested by Ha et al [5], may be optimistic.718

In summary, ground-state and β-decay properties of719

the very-neutron-rich nuclide 106Nb have been studied720

at the CARIBU facility at Argonne National Labora-721

tory. The ground-state mass of 106Nb was measured to722

be −66202.0(13) keV with the Canadian Penning Trap,723

which is consistent with the 2016 Atomic Mass Evalua-724

tion. This work ruled out the existence of a long-lived,725

high-spin, β-decaying isomer above ≈5 keV excitation726

in 106Nb. Detailed β-delayed γ-ray spectroscopy of the727

progeny, 106Mo, was performed with the X-Array and728

SATURN low-energy decay-spectroscopy station. The β-729

decay half-life was found to be T1/2 = 1.097(21) s. The730

decay scheme of 106Mo has been extended up to ≈4 MeV.731

The combination of enhanced apparent β-feeding inten-732

sity to J = 3-5 states in 106Mo, and non-observation733

of a β-decaying isomer, leads to the conclusion that the734

ground-state spin-parity assignment for 106Nb, and those735

of excited states in this nuclide, should be reassessed.736

In future measurements with the X-Array, the addition737

of the MR-TOF separator to the CARIBU low-energy738

beam line and development of a new low-background,739

low-energy experimental hall will greatly improve the740

beam purity and sensitivity of decay-spectroscopy741

experiments. This work highlights the pressing need742

for considerable theoretical effort to enable accurate743

interpretation of spectroscopic data obtained for very-744

neutron-rich exotic niobium isotopes.745
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