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The β decay of 24O was investigated at NSCL/MSU using a combination of neutron and γ-ray
spectroscopy. For the first time, the β-delayed neutron energy spectrum of 24O was measured,
revealing three intensely populated, isolated neutron-unbound states in 24F. This allowed for the
extraction of the decay strength in 24F up to 6.2 MeV. A comprehensive comparison of the ex-
perimental results with various nuclear theories was conducted, ranging from the empirical shell
model to the most advanced ab initio calculations. While most theoretical predictions align with
the experimental data for low-lying states, discrepancies arise at higher excitation energies. In the
transition from 24O to 24F, shell model calculations using the empirical USDB interaction predicted
the structure of both nuclei without invoking the need for a stronger proton-neutron tensor force,
which was postulated for the neighboring isotone 25F.

Introduction— Large proton-neutron asymmetry plays18

a pivotal role in altering the nuclear structure of unstable19

nuclei compared with their stable counterparts. There-20

fore, one of the prime focuses of the next generation of21

radioactive ion beam facilities is to characterize the struc-22

ture evolution of the short-lived isotopes moving away23

from stability. Recent experimental efforts have revealed24

new phenomena in those exotic nuclei, such as the disap-25

pearance of conventional magic numbers and the emer-26

gence of new magic numbers [1, 2]. Another example27

is the peculiar behavior of the limits of nuclear bind-28

ing. The neutron drip line in carbon (Z = 6), nitrogen29

(Z = 7), and oxygen (Z = 8) is experimentally known to30

be at N = 16. However, it rapidly extends to N = 2231

for fluorine (Z = 9), and this sudden jump is referred to32

as the oxygen drip-line anomaly [3]. Furthermore, recent33

work by Tang et al. [4] indicated that the core of 25F, a34

nucleus that is one proton away from 24O, is significantly35

differs from the 24O ground state. As such, neutron-rich36

oxygen and fluorine isotopes are expected to provide a37

critical benchmark to study the effects of the spin-isospin38

dependent interaction, three-body forces, and the cou-39

pling to the continuum, which, in turn, determine the40

location of the neutron drip line [5, 6]. While 24O is41

known to be the last bound isotope of the Z = 8 isotopic42

chain [3], a wealth of recent measurements indicated a43
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spherical N = 16 shell closure originating from the large44

spin-orbit splitting between the neutron d3/2 and d5/245

orbitals [7–10]. Consequently, 24O is established as a46

doubly-magic drip-line nucleus. The recent observation47

of the 28O resonance, which decays to 24O via four neu-48

tron emission, also emphasized the doubly-magic nature49

of 24O [11].50

The β decay of neutron-rich oxygen isotopes probes the51

transition to the corresponding fluorine isotopes. In par-52

ticular, the decay of 24O is expected to be simple; to first53

order, the allowed Gamow-Teller (GT) transitions can be54

described by transforming either a d5/2 neutron to a d5/255

proton, or a s1/2 neutron to a s1/2 proton. As a result,56

1+ states in 24F with relatively pure configurations are57

populated, owing to the selectivity of the GT transition.58

Hence, decay studies of 24O are uniquely suited to test59

nuclear models that aim to describe the nuclear structure60

approaching the neutron drip line and beyond. Due to61

the large β-decay Q-value (Qβ) of 10.97(19) MeV [12],62

the β decay of 24O populates both bound and unbound63

states in 24F, the latter lying above its neutron separa-64

tion energy of 3.81(10) MeV [12], thus allowing for the65

β-delayed neutron emission. Neutron spectroscopy pro-66

vides unique access to the neutron unbound states in the67

daughter, which are otherwise difficult to study by other68

means.69

The β decay of 24O was first studied by Mueller et70

al. [13], and they reported a half-life of 61+31
−19 ms and a71

neutron branching ratio of 58(12) %. A similar measure-72
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ment, performed by Reed et al. [14], reported a half-life73

of 65(5) ms, which agrees within the uncertainty given74

in the earlier measurement, but indicated a significantly75

lower neutron branching ratio of 18(6) %. Later, Pe-76

nionzhkevich et al. [15] reported a similar half-life of77

67(10) ms and a neutron branching ratio of 12(8) %.78

However, the most recent measurement performed by79

Cáceres et al. [16] presented a slightly longer half-life of80

80(5) ms and again a higher neutron branching ratio of81

43(4) %.82

The bound excited states at 521.5(3) and83

1831.6(5) keV in 24F were first identified by Reed84

et al. [14] and this result was confirmed by Cáceres85

et al. [16]. Furthermore, Cáceres et al. performed86

a complementary measurement using in-beam γ-ray87

spectroscopy, and new excited states in 24F at 2384(64),88

2739(14), 3639(22), and 3562(42) keV were proposed.89

However, states above the neutron threshold (Sn) have90

not yet been explored. By employing both γ-ray and91

neutron spectroscopy, we extend our knowledge of 24F92

above Sn, providing more complete nuclear structure93

information of this neutron-rich isotope next to 24O.94

Experiment— In this Letter, we report on the first β-95

delayed neutron spectroscopy of 24O. The experiment96

was performed at the National Superconducting Cy-97

clotron Laboratory at Michigan State University. A pri-98

mary beam of 48Ca was accelerated to a kinetic energy99

of 140 MeV/nucleon using the Couple Cyclotron Facility100

[17] and directed onto an 846-mg/cm2 thick beryllium101

target, producing a secondary cocktail beam by projectile102

fragmentation. The isotopes of interest were separated103

from all other reaction products and guided to the ex-104

perimental area using the A1900 fragment separator [18].105

The isotopes were identified on an event-by-event basis106

by measuring the time-of-flight between a plastic scintil-107

lator in the A1900 focal plane and a silicon PIN detector108

upstream of the experimental setup, as well as the energy109

loss in the PIN detector. In this separator setting, nuclei110

spanning from boron to aluminum near the neutron drip111

line were produced. The implantation rate for 24O was112

approximately 6 particles per second, with a beam purity113

of around 1.1%.114

The experimental setup includes a scintillator array for115

neutrons and germanium clovers for γ rays. At the heart116

of the setup is an implantation detector for identifying ion117

implantation and their subsequent β-decay events, which118

comprised of a 12 mm thick Yttrium Orthosilicate (YSO)119

detector [19], with an active surface area of 48×48 mm2
120

and 24×24 pixels, allowing for the recording of energy121

and timing information of ion implantation and β-decay122

events for the ion implantation and corresponding decay123

event correlation.124

The Versatile Array of Neutron Detectors at Low En-125

ergy (VANDLE) [20, 21] was used for the time-of-flight126

(TOF) measurements of β-delayed neutrons. A full ar-127

ray consisting of 48 plastic scintillator bars, resulting in a128

total neutron detection efficiency of 11% at 1 MeV, was129

placed at a distance of 105 cm measured between the130
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FIG. 1: Background-subtracted decay curve obtained by summing
the gates on 521, 1309, 1830 keV γ-ray transitions in 24F following
the decay of 24O. A half-life of 126(4) ms was obtained from the fit
(red solid line). Inset shows the half-life extracted using different
gating methods: (a) 521 keV γ ray, (b) 1309 keV γ ray, (c) 1830 keV
γ ray, (d) neutrons, and (e) no gates. The half-life reported in this
work is shown as the black dotted line with the light blue band.

center of the implantation detector and the front face of131

the bar. Three high-purity germanium clovers from the132

CLARION array [22] were installed on the other side of133

the setup for γ-ray detection. These detectors provided134

a total photopeak efficiency of 1.3% at 1 MeV.135

Analysis and Results— Ion-β correlation was per-136

formed using the 24O implantation and β-decay events137

measured in the YSO detector based on their spatial and138

timing information. In the present analysis, a radius of139

0.35 cm was used. The optimal correlation radius was de-140

termined to retain a high signal-to-background ratio [19].141

A background-subtracted γ-ray gated decay curve with142

a correlation time window of ±500 ms is shown in Fig. 1.143

This decay curve was obtained by summing the individ-144

ual contributions from observed γ-ray transitions in 24F145

following the decay of 24O as shown in Fig. 2. The events146

contained within the negative correlation time were used147

to model the background originating from random β sig-148

nals associated with each implant. The negative correla-149

tion part of the decay curve is flipped around the time150

zero and then subtracted on a bin-by-bin basis to obtain151

a background-subtracted decay curve. A single exponen-152

tial fit yielded a half-life of 126(4) ms for the 24O decay,153

which is significantly longer than the literature value of154

72(5) ms [23]. We also extracted half-lives using different155

gating methods: gating on individual γ-ray transitions,156

neutrons, and without any gates applied. The half-lives157

agree with each other within uncertainties, as shown in158

the inset of Fig. 1.159

The β-delayed γ-ray spectrum of 24O, with add-back160

enabled, is shown in Fig. 2. An ion-β correlation win-161

dow of ±500 ms was chosen for optimized spectral qual-162

ity. The background spectrum was obtained by gating on163

events in the negative time window (before ion implan-164

tation) of the decay curve. The correlated spectrum was165
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FIG. 2: Background-subtracted add-back γ-ray spectrum following
the decay of 24O occurring within 500 ms after implantation. The
inset shows the spectrum zoomed around the 2238(4) keV γ ray.

then obtained by subtracting the background spectrum166

from the spectrum gated on the positive time window167

(after ion implantation) of the decay curve on a bin-by-168

bin basis. The same approach was used for the neutron169

TOF analysis. The γ-ray peaks at 521(1), 1309(1), and170

1830(2) keV, as reported in the previous β-γ measure-171

ments [14, 16], were clearly identified in the present spec-172

trum. These are attributed to two bound excited states in173

24F. From the γ-γ coincidence analysis, it was confirmed174

that the state at 1830 keV is predominantly populated175

in the β decay, and it deexcites by emitting a 1830 keV176

γ ray or via a cascade of 1309 and 521 keV γ rays. An177

intensity balance consideration placed the 1309 keV tran-178

sition on top of the 521 keV γ ray. The present measure-179

ment also confirms the very weak direct population of the180

521 keV state, and this is in line with the 2+ assignment181

discussed in the previous works, as well as the ground-182

state spin-parity of 3+, made based on comparisons with183

shell-model calculations (see Refs. [14, 16] for details).184

Figure 3 presents the background-subtracted β-delayed185

neutron TOF spectrum obtained for the 24O decay186

within a correlation time window of ±500 ms. Three187

well-separated neutron peaks, with energies ranging188

from 1.2 to 2.4 MeV, were observed in this spectrum.189

Since two-neutron emission is energetically prohibited190

(S2n = 11.39(10) MeV in 24F is greater than Qβ =191

10.97(19) MeV of 24O [12]), one-neutron emission from192

24F is the sole contributor to the spectrum. To deter-193

mine the energies of the neutron peaks and their number194

of counts, the neutron TOF spectrum was fitted with195

a combination of template detector response functions196

and an exponential background. The response functions197

were generated by Geant4 [24, 25] simulations that use198

the exact geometry of the detector system and validated199

by the three well-established, prominent neutron lines of200

β-delayed neutron emission from 17N [26]. The fitting201

procedure is described in detail in Ref. [27]. The best202
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FIG. 3: Neutron singles TOF spectrum (black points) along with
the analytical fitting function (red). The contribution from indi-
vidual peaks is shown in blue, and the black dashed line represents
the continuous background. The inset shows the neutron-gated de-
cay curve.

TABLE I: β-feeding intensities (Iβ) and logft values for the GT
states, and intensities of observed γ-ray transitions (Iγ) in 24F.
The states are labeled by their excitation energies (Ex) measured
from the ground state.

Ex (keV) Iβ (%) Eγ (keV) Iγ (%) logft
521(1) - 521(1) 20(2) -
1830(2) 62(11) 1830(2) 41(4) 4.3(1)

1309(1) 19(2)
5031(22) 11(2) - - 4.2(1)
5684(37) 11(2) - - 3.9(1)
6223(51) 8(2) - - 3.8(1)

fit is displayed in Fig. 3, and as tabulated in Table I,203

the level energies of neutron unbound states in 24F were204

reconstructed by summing the energy carried by neu-205

tron emission after correcting for recoil effects and the206

neutron separation energy. The number of counts under207

each neutron peak was obtained from the fit and cor-208

rected using the energy-dependent efficiency curve to get209

the total number of neutrons feeding to the excited and210

ground states of 23F. By normalizing the total number of211

neutrons feeding the excited and ground states of 23F to212

the total number of β decays (Nβ), a β-delayed neutron213

branching ratio of 30(5)% was obtained.214215

The three major neutron lines likely correspond to216

transitions that feed the 23F ground state, considering217

their intensities. We note that, in the γ-ray analysis, the218

first excited state in 23F was found to be populated with219

a weak feeding (see the inset of Fig. 2). We observed the220

same state populated in 23F from the decay of 23O in221

the present measurement. A neutron-γ ray cascade orig-222

inating from the 6223 keV state in 24F would produce223

a neutron with a kinetic energy of around 170 keV, as224

depicted schematically in Fig. 4. The neutron spectrum225

hints at a small peak at ∼185 ns; however, identifying226

such a neutron branch is challenging because of the lim-227
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FIG. 4: Schematic illustration of the decay scheme of 24O observed
in the present experiment. Note that the vertical axis is not to scale,
and level energies are in keV. The spin and parities of the bound
states are adopted from Ref. [23, 28].

ited statistics and the detection threshold in the present228

experiment, and it awaits future experimental verifica-229

tion. Table I also summarizes β-feeding intensities (Iβ)230

for each state and intensities of observed γ rays (Iγ) in231

24F obtained by normalizing the individual intensities to232

Nβ . It is noted that the contribution from feeding to233

the 2238 keV state in 23F was taken into account while234

calculating Iβ for the 6223 keV state in 24F. Logft val-235

ues were calculated using the half-life, excitation ener-236

gies, and branching ratios from the present work, along237

with Qβ from Ref. [12]. The logft values for the bound238

1830 keV state and three neutron unbound states were239

found to span from 3.8 to 4.3. This favors GT transi-240

tions, leading to spin-parity assignments of 1+ to these241

states.242

Comparision with nuclear model calculations— Based243

on the experimental logft values, the GT transition244

strengths, B(GT), extending to neutron unbound states245

in 24F, were deduced for the first time. The experimental246

level energies and strength distribution were then com-247

pared with predictions made by various nuclear models.248

To begin with, we performed shell-model calculations249

with the USDB effective interaction [29]. This empir-250

ical shell-model interaction, constructed within the sd-251

shell model space, has been shown to give reliable pre-252

dictions of nuclear properties in this mass region. To253

benchmark ab initio nuclear models, calculations were254

performed using two different approaches, the valence255

space in-medium similarity renormalization group (VS-256

IMSRG) [30, 31] and the coupled-cluster (CCSDT-3) [32]257

method. In the VS-IMSRG calculations, the Hamilto-258

nian was derived using the 1.8/2.0 (EM) interaction [33]259

and diagonalized in the sd-shell model space. In the260

CCSDT-3 calculations, the same 1.8/2.0 (EM) interac-261

tion was used, but the diagonalization was performed262

using the equation-of-motion method [34]. Effects aris-263

ing from two-body currents [35] were taken into ac-264

count when calculating B(GT) in both VS-IMSRG and265

CCSDT-3. To study the roles played by the coupling266

to the continuum, level energies and B(GT) were cal-267

culated using the shell model embedded in the contin-268

uum (SMEC) approach [36] with the monopole adjusted269

WBP− interaction [37], supplemented by the Wigner-270

Bartlett continuum-coupling interaction [38]. The results271

of these theoretical predictions are displayed in Fig. 5, to-272

gether with the experimental values.273

All calculations consistently reproduce the bound-state274

structure of 24F. Guided by these results, the spin-parity275

of the ground (first-excited) state is highly likely 3+ (2+).276

The location of the first 1+ state and its GT strength are277

in good agreement with the predictions by these models.278

However, discrepancies become more pronounced above279

the neutron threshold. As such, the unbound 1+ states280

provide a critical testing ground for different theoreti-281

cal models. The USDB calculations predict the location282

of the unbound states remarkably well, although the GT283

strengths to these states tend to be underestimated. The284

ab initio calculations, VS-IMSRG and CCSDT-3, show285

more concentrated strength distributions, which differ286

from the experimental observation. One should note that287

USDB and VS-IMSRG predicted a 1+ state near the neu-288

tron separation energy with a small GT strength. The289

non-observation of this state in the experiment can be290

attributed to the small β feeding. A low detection effi-291

ciency for high-energy γ rays or the lack of sensitivity to292

low-energy neutrons would provide an additional expla-293

nation.294

Discussion— The USDB shell-model interaction is295

constructed relying on fit to experimental data, thus296

making it an empirical model. During the fitting process,297

evolving shell structures originating from spin-isospin-298

dependent terms of NN interactions, as well as three-299

body effects, are implicitly taken into account. It is300

generally considered that this interaction is capable of301

predicting properties of sd-shell nuclei, including unsta-302

ble ones, apart from those near the N = 20 island of303

inversion, where the fp-shell degree of freedom plays a304

significant role.305

Recently, this was questioned by Tang et al. [4]. Ac-306

cording to this experimental work, a significant modifica-307

tion to the USDB interaction, specifically, 3−4 MeV re-308

duction in the νd3/2 single particle energy (SPE), was re-309

quired to reproduce the experimental data on one-proton310

removal from 25F that produces 24O final states. This im-311

plies that a much stronger proton-neutron tensor force312

than that implemented in the original USDB is needed,313

and it was proposed that such a constituent may be re-314

sponsible for the oxygen dripline anomaly. However, our315

finding indicates that such a change is not compatible316

with the present experimental result, as evident in Fig. 6.317

Reducing the νd3/2 SPE in 24F by 3 MeV resulted in a318

more pronounced disagreement of the predicted excita-319

tion energies and strength distribution with the exper-320

iment. The quenched shell gap notably fails to predict321

the position of the first 1+ state in 24F, signifying that322

the strong proton-neutron tensor force is not necessary323
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to describe these nuclei. The 24O results obtained in the324

present work are in stark contrast with the conclusions325

in Ref. [4] for the N = 16 nucleus 25F.326

Furthermore, to address discrepancies between effec-327

tive and ab initio calculations, we analyzed the wave328

functions from both USDB and VS-IMSRG. For the first329

1+ state of 24F, the two approaches yield similar occupa-330

tion numbers for proton and neutron orbitals. However,331

in the neutron-unbound 1+ states with large B(GT) val-332

ues, VS-IMSRG predicts that the proton predominantly333

occupies the d5/2 orbital, while USDB shows a more frag-334

mented distribution among the proton d5/2, s1/2, and335

d3/2 orbitals. The agreement with experimental data336

suggests that, despite being phenomenological and data-337

fitted, USDB includes the necessary interactions to in-338

duce correlations in the proton wave functions in these339

highly excited states. On the other hand, incorporat-340

ing these strong collective correlations and/or continuum341

coupling effects into ab initio calculations at high exci-342

tation energies remains a significant challenge for future343

development.344

Conclusion— We have reported the first β-delayed345

neutron spectroscopy of 24O. Combining γ-ray and neu-346

tron TOF measurements, we extracted β-decay strengths347

extending to the neutron unbound states in 24F. The new348

experimental data allowed for comparisons with various349

theoretical calculations. Shell-model calculations using350

the standard USDB interaction produced a fairly good351

overall agreement with the measurement, suggesting that352

the transition from 24O to 24F can be described without353

invoking dramatic changes to the shell structure, such as354

the implementation of a much stronger proton-neutron355

tensor force. The present data has provided important356

tests of ab initio calculations using the VS-IMSRG and357

coupled-cluster approaches. These calculations repro-358

duce well the structure of 24F around its ground state.359

However, disagreements are more pronounced for the360

neutron unbound states. This implies that predicting the361

decay properties of the neutron-rich nucleus is not triv-362

ial, and optimizations are still required. A more complete363

description of the experimental finding and a better un-364

derstanding of the underlying effects of nuclear structure365

await further theoretical developments.366
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