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The structure of the 24F nucleus has been studied at GANIL using the β decay of 24O and the in-
beam γ-ray spectroscopy from the fragmentation of 27,28Na, 25,26Ne and 29,30Mg nuclei. Combining
these complementary experimental techniques, the level scheme of 24F has been constructed up
to 3.6MeV by means of particle-γ and particle-γγ coincidence relations. Experimental results are
compared to shell-model calculations using the standard USDA and USDB interactions as well as ab-
initio valence-space Hamiltonians calculated from the in-medium similarity renormalization group
based on chiral two- and three-nucleon forces. Both methods reproduce the measured level spacings
well, and this close agreement allows unidentified spins and parities to be consistently assigned.

PACS numbers: 21.60.Cs, 23.20.Lv, 27.30.+t, 21.60.De

I. INTRODUCTION

Nuclear forces play a decisive role in determining the
structure of atomic nuclei, driving the creation and evo-
lution of shell gaps, the onset of deformation, develop-
ment of halo structures, and determining the limits of
particle stability. The nuclear shell model provides a
framework to determine the properties of nuclei from a
set of single-particle energies (SPEs) and two-body ma-
trix elements (TBMEs) defined in a given valence space
outside some assumed inert core. When based only on
two-nucleon (NN) forces within the valence space, the
SPEs and TBMEs need suitable renormalization to ex-
perimental data to provide a precise description of nu-
clear structure. These “effective” SPEs and TBMEs im-
plicitly capture the effects of many-body processes, such
as core polarization, as well as neglected three-nucleon
(3N) forces [1–4] and coupling to the particle continuum.

As the standard shell-model approach typically uses
TBMEs that are independent of mass number A or sim-

ply scaled, it may become insufficient near the limits of
stability, where the last nucleons are only loosely bound
and have radial wavefunctions which extend to larger
radii and couple to unbound states [5]. Reductions of the
neutron-neutron TBME by 25% were required to model
the structure of the neutron-rich C isotopes, which are
a factor of two less bound than the O isotopes [6, 7].
More recently, the study of the weakly bound 26F nu-
cleus, which can be viewed as an 24O core plus a deeply
bound d5/2 proton and an unbound d3/2 neutron, has
shown that a reduction of the πd5/2 − νd3/2 TBME by

about 20% better reproduced the energies of its J = 1+,
2+, 4+ states [8]. In addition, recent theoretical calcula-
tions for states close to the neutron-separation threshold
show that an increased role of coupling to the particle
continuum may in part account for the modification of
shell structure of dripline nuclei [9, 10].
The fluorine isotopic chain is well suited to study the

evolution of valence-space interactions with increased va-
lence neutron-to-proton asymmetry towards the dripline.
Moreover, many F isotopes are located near the dou-
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bly magic 16O, 22O and 24O systems. Considering these
O isotopes as almost inert cores, fluorine wavefunctions
should then be weakly mixed, making possible the search
for subtle effects related to their weak binding and prox-
imity to the continuum. Located close to 22O and 24O,
24F is an excellent candidate for such a study, because
its spectroscopy is expected to be relatively simple. As
in 26F, states located near the neutron separation en-
ergy, Sn = 3.840(10)MeV, could be influenced by effects
arising from asymmetric proton-to-neutron binding.
In a simple shell-model picture, the lowest-lying states

in 24F with spin-parity 2+ and 3+ can be considered pure
πd5/2 ⊗ νs1/2 configurations on top of an 22O core, while

0+ and 1+ states are expected from πs1/2⊗ νs1/2 config-
urations. Close to the dripline, the excitation of one neu-
tron to the d3/2 orbits gives rise to the Iπ = 1+−4+ mul-
tiplet due to the πd5/2 ⊗ νd3/2 coupling observed at low

energy in 26F [8]. Configurations originating from neu-
tron core excitations are also found below the neutron-
separation threshold.
While previous β-decay studies [11, 12] agreed on the

24O half-life (about 65 ms), deduced delayed-neutron
emission probabilities differed significantly: Pn =
58(12)% in Ref. [11] and Pn = 18(6)% in Ref. [12]. From
the latter work, it was expected that 82(6)% of the β
strength would decay to bound states in 24F [12]. Be-
cause only 60% of the β-decay strength was observed, it
was proposed that this missing strength may feed higher-
lying 1+ excited state(s), likely of πd5/2 ⊗ νd3/2 origin,
that could not be observed experimentally due to the lack
of statistics. Three γ transitions associated with the de-
cay of 24O were observed [12], but the statistics were not
sufficient to unambiguously establish a 24F level scheme.
No other spectroscopic information was known on 24F
before the present study.
To search for members of the d5/2 − d3/2 multiplet,

the spectroscopy of 24F has been studied using two com-
plementary experimental methods in this work. First,
1+ states were accessed from the β decay of 24O, which
has an Iπ = 0+ ground state. In a separate experiment,
higher-spin states were produced in the fragmentation
of projectile nuclei leading to 24F. The results were then
compared to shell-model calculations based on the bench-
mark USDA and USDB empirical Hamiltonians [13] as
well as ab initio valence-space Hamiltonians derived from
NN+3N forces [14]. The excellent agreement between
these two calculations results in a robust description of
the newly measured states.

II. β-DECAY OF 24O

A. Experimental set-up

The 24O nucleus was produced via fragmentation of
a 36S16+ primary beam delivered by the GANIL facil-
ity in a 237 mg/cm2 Be target placed at the entrance
of the LISE spectrometer [15]. The energy and the av-

FIG. 1. (Color online) Energy loss versus time-of-flight iden-
tification matrix. The relative yields of the implanted ions
are shown by different shades.

erage intensity of the primary beam were 77.6 MeV/u
and 2 eµA, respectively. The projectile-like fragments
were separated by the LISE achromatic spectrometer. A
9Be wedge-shaped degrader of 1066 mg/cm2 was placed
at the dispersive focal plane of LISE to improve the ion
selection. As shown in Fig. 1 the selected nuclei were
identified at the end of the spectrometer by means of
their energy loss (∆E) in two silicon detectors of 500 µm
thickness and their time-of-flight (TOF) referenced to
the cyclotron radio-frequency. An Al foil of adjustable
inclination was placed after the two Si detectors to al-
low the implantation depth of the 24O ions into a 1 mm
double-sided-silicon-strip detector (DSSSD) of 5×5 cm2

with 16×16 strips. The pixels in the DSSSD were used
to establish spatial and time correlations between the β-
particles and the 24O parent. Energy threshold of the
individual strips were set to ∼80 keV. A 5 mm-thick
Si(Li) detector was placed after the DSSSD to control
the implantation depth of 24O.
Four segmented Ge Clover detectors of the EXOGAM

array [16] were placed around the DSSSD detector to
provide β− γ coincidences. A γ-ray efficiency εγ of 6.5%
at 1 MeV was extracted from the β-decay of 28Ne which
was transmitted in the same set-up and for which the
intensities of the γ transitions were known [17]. For
each implanted nucleus, a β efficiency (εβ) of 63(3)% was
extracted from the intensity ratio between an identified
γ-line gated or ungated on the β-correlation condition.
The relative γ-ray intensities were obtained from the εβ
and εγ values.

B. Results

The β-gated γ-ray spectrum following the implantation
of a precursor 24O nucleus between 0–250 ms is shown in
Fig. 2 a). This time condition favors the observation of γ
rays associated to the decay of 24F while it suppresses all
transitions belonging to contaminant nuclei or daughter
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FIG. 2. a) β-gated γ-ray spectrum following the implanta-
tion of 24O nuclei obtained in the 0–250 ms range. b) γγ-
coincidence spectrum gated by the 1309 keV γ-ray.

activity. The previously reported γ-lines [12] at 521 keV,
1309 keV and 1830 keV are clearly visible. All other
observed transitions are not attributed to the decay of
24O.

A total of ∼105 24O nuclei were implanted in the
DSSSD detector, which is a factor of 10 larger than in
Ref. [12]. The improved statistics obtained in the present
work permitted a study of γγ coincidences (Fig. 2 b),
from which it was deduced that the 1+ level at 1830 keV
is fed with Iβ=57(4) % and decays by a cascade of
521 keV and 1309 keV γ-rays. The ordering of these
two transitions could not be determined unambiguously
from the β-decay study as they have the same relative in-
tensity (Table I). The in-beam experiment presented in
Section III B shows that the 1309 keV γ-ray feeds a level
at 521 keV. The 1830 keV level decays by a competing
branch directly to the ground state, as well. The γ-ray
energies, relative intensities and branching ratios of the
observed transitions are listed in Table I.

The background subtracted summed time-distribution
of the 521 keV, 1309 keV and 1830 keV γ-rays with re-
spect to the 24O implantation is shown in Fig. 3. A fit
with a single exponential decay-curve yields a half-life of
T1/2=80(5) ms, in agreement with the 61+32

−19 ms value
of Ref. [11] within the statistical uncertainties but longer
than the value of 65(5) ms reported in Ref. [12]. Using
the β-decay Q-value and the absolute feeding intensity of
the 1830 keV state a logft value of 4.25(6) has been ob-
tained, which is consistent with an allowed Gamow-Teller
transition.

The observational limit for the population of other 1+

states has been measured to be 1.0(4)%. The β-delayed
neutron emission probability has been extracted to be
Pn=43(4)% from the yields of the 1830 keV and 1309 keV
transitions normalized to the total number of 24O de-
tected. This value is in agreement with Pn = 58(12)%

TABLE I. Experimental energies, spin and parity assign-
ments, transition energies, relative intensities per 100 decays.
γ branching ratio (BR) for the excited states of 24F observed
in the β-decay of 24O experiment.

Ei [keV] Iπi → Iπf Eγ [keV] Iγ [\ 100 decays] BR[%]

521(1) 2+1 →3+1 521(1) 21(2)
1830(1) 1+1 →3+1 1830(1) 39(3) 68(5)

1+1 →2+1 1309(1) 18(2) 32(3)

FIG. 3. (Color online) Background-subtracted summed time-
distribution gated on the 521 keV, 1309 keV and 1830 keV
γ-rays following the implantation of 24O nuclei. The fit with
a single exponential decay-curve yields T1/2=80(5) ms.

previously reported in Ref. [11] but larger than the value
of 18(6)% measured in Ref. [12].
In a separate setting of the LISE spectrometer, the β-

decay of 24F was studied as well. From this data set the
direct feeding to the 2+ state at 1981 keV and the 4+

state at 3963 keV in 24Ne were observed [18]. It estab-
lishes that the spin and parity of the ground state of 24F
is 3+. It follows that the 521 keV state is located in be-
tween the 3+ ground state and the 1+ excited state at
1830 keV. As the 521 keV state is not populated directly
in the 24O β-decay its spin and parity must therefore be
2+.

III. IN-BEAM SPECTROSCOPY OF THE 24F

NUCLEUS

A. Experimental set-up

The 24F nucleus was produced in a two-step reaction.
A 36S16+ primary beam of 77.5 A MeV with an aver-
age intensity of 6.5 eµA underwent fragmentation in a
398 mg/cm2 C target placed between the two supercon-
ducting solenoids of the SISSI [19] device. The reaction
products were separated and selected trough the ALPHA
spectrometer by means of the Bρ-∆E-Bρmethod [15, 20].
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The transmitted cocktail beam was composed of 25,26Ne,
27,28Na and 29,30Mg nuclei with energies ranging between
54 and 65 MeV/u. The identification of the beam ions
was performed by the combined measurement of their
time-of-flight (TOF) over a flight path of 80 m using two
micro-channel plates and their energy loss in a plastic
scintillator of 103.5 mg/cm2 thickness located at the en-
trance of the SPEG spectrometer [21]. Two C foils of
51 mg/cm2 thickness were placed before and after the
plastic scintillator constituting a secondary “active” tar-
get. The 24F nuclei were produced in this secondary
target through the fragmentation of 27Na. Once pro-
duced, the 24F nuclei were separated from other reaction
residues in the SPEG spectrometer. The identification of
the ions was performed on an event-by-event basis at the
final focal plane of the SPEG by measuring their time-of-
flight (TOF) with a plastic scintillator, their energy loss
(∆E) and position in an ionization and two drift cham-
bers, respectively. In addition, 74 BaF2 detectors of the
Château de Cristal array surrounded the secondary tar-
get at an average distance of 30 cm. Prompt γ-ray emis-
sion was measured in coincidence with the nuclei iden-
tified at the final focal plane of SPEG. The photopeak
efficiency of the array was 24 %, 42 % and 29 % for γ-ray
energies of 100 keV, 600 keV and 1300 keV, respectively.

B. Results

Prompt γ rays observed in coincidence with the 24F
nuclei identified in SPEG are listed in Table II. The sin-
gles γ-ray spectrum of 24F is shown in Fig. 4. The three
γ rays at 527(10) keV, 1309(22) keV and 1827(11) keV
correspond, within the experimental uncertainties, to
those observed in the β-decay of 24O at 521(1) keV,
1309(1) keV and 1830(1) keV, respectively. The excita-
tion energy of the 1829(26) keV state has been extracted
by the weighted average of the energies of the two de-
cay branches. It is in agreement with the value obtained
in the β-decay data set. The γγ-coincidence between
the 527 keV and 1309 keV transitions (Fig. 5 a) is con-
firmed. The ordering of the two transitions is obtained
from their relative intensity since the 527 keV γ-ray inten-
sity is much larger than that of the 1309 keV transition
(Tab. II) the 527 keV state is placed below. It can be
fed directly in the reaction and/or by other higher-lying
excited states. In addition, four new transitions have
been observed between 2200 keV and 4000 keV. To get a
reasonable line shape, the response function of the BaF2

array was simulated using the Geant4 package. In the
simulation the energy dependence of the peak width, the
cut-off energy, the Doppler shift and the Doppler broad-
ening were taken into account. The energy-dependent
width of the γ ray peak has been extracted from the
spectroscopy of other nuclei produced in similar experi-
mental conditions [22]. For γ-rays with energies greater
than ∼1.5 MeV, in addition to the photo-absorption and
Compton effects pair creation also starts to play a sig-
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FIG. 4. (Color online) Singles γ-ray spectrum obtained in
coincidence with the 24F nuclei produced in the in-beam γ-ray
spectroscopy experiment. The inset presents a zoom on the
high-energy part of the spectrum. The lines show the result
of the fit with line shapes obtained from Geant simulation.

nificant role. Since an add-back procedure was used in
the analysis of the γ-ray spectra, the escape of the an-
nihilation and Compton scattered γ rays are partially
suppressed. As a consequence, the line shape is well de-
scribed using a Gaussian plus a long, low-energy tail.
Using the simulated line shapes the γ-ray spectrum be-
tween 2.2 and 4.0 MeV could be described by four γ-rays
at 2384(64), 2739(14), 3118(33) and 3562(22) keV (inset
of Fig. 4). The 2384(64) γ-line is reported as tentative.
A clear coincidence between the 527 keV and 3118 keV

γ-rays is observed (Fig. 5 b)), establishing a state at
3639 keV excitation energy, considering that the 527 keV
transition corresponds to the 521 keV γ-line observed
in the β-decay experiment. No other γγ-coincidences
with the 527 keV line were observed, indicating that the
2384 keV, 2739 keV and 3562 keV transitions decay di-
rectly to the ground state. Therefore, three new excited
states are proposed at 2384(64) keV, 2739(14) keV and
3562(22) keV.

IV. DISCUSSION

The experimental level scheme deduced in the dis-
cussed experiments up to the neutron separation energy
of 3.84 MeV is shown in Fig. 6. The spin and parity of
the previously reported 1830 keV state [12] can be firmly
established to be 1+ from the β-decay of 24O. The level
scheme has been completed by four new states at higher
excitation energy. In order to clarify their spin and par-
ity assignment, the experimental excitation energies and
branching ratios were compared to predictions of differ-
ent theoretical calculations (Fig. 6).
The shell-model calculations were performed using the
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3118 keV (b) transitions measured in the in-beam data set.

TABLE II. Experimental energies, tentative spin and parity
assignments, transition energies, relative feeding intensities
and γ branching-ratios (BR) for the excited states in 24F ob-
tained in the in-beam spectroscopy experiment.

Ei [keV] Iπi → Iπf Eγ [keV] Iγ [%] BR[%]

527(10) 2+1 →3+1 527(10) 71(3)
1829(26) 1+1 →3+1 1827(11) 17(2) 77(10)

1+1 →2+1 1309(22) 5(1) 23(5)
2384(64) (4+1 ,3

+

2 )→3+1 2384(64) 7(3)
2739(14) (3+2 ,4

+

1 )→3+1 2739(14) 100(5)
3562(22) (2+3 , 4

+

2 )→3+1 3562(22) 47(5)
3639(42) (1+2 , 2

+

2 )→2+1 3118(33) 34(3)

standard USDA and USDB interactions [13, 24] in the
full sd valence space.
In order to assign the spins of the observed states, the

experimental branching ratios were compared to the the-
oretical ones extracted from the E2 to M1 decay branch of
each state, re-scaled in energy to match the experimental
value. Starting from spin assignments of the low-energy
levels, the higher-energy ones can be deduced. In the
calculation of the M1 reduced transition probabilities,
the effective g-factors of the proton (neutron) gsp = 5.0
(gsn = -3.44), glp = 1.174 (gln = -0.110) and gtp = 0.24
(gtn = -0.16) for the spin, orbital and tensor components
of the M1 operator are taken from Ref. [24]. The E2 re-
duced transition probabilities are calculated using effec-
tive charges of 1.36e and 0.45e for protons and neutrons,
respectively.
The spin and parity assignment of the experimental

state at 521 keV is 2+1 . The USDA interaction underes-
timates the excitation energy by ∼200 keV while better
agreement is found in the USDB calculations. This 2+1
level decays 100% to the 3+ ground state of 24F. Both

levels belong to the πd5/2 ⊗ νs1/2 multiplet with an al-
most pure wave function (∼70%).
The excitation energy of the 1+1 state at 1830 keV,

which originates mainly (∼50%) from a mixed πs1/2 ⊗

νs1/2 configuration, is underestimated in the USDA and
USDB calculations. A somehow similar shift in energy
between experiment and theory is found for the 1/2+

state in 25F [23], that is due to an s1/2 proton excita-

tion. The 1+1 level decays by a 1830 keV transition to
the ground state (77(10)%) and by a parallel branch to
the 521 keV level (23(5)%), which agrees with the USDB
calculations of 72% and 28%, respectively. The USDA
calculations result in 95% decay to the ground state and
5% to the 2+1 level. The reduced M1 matrix element is
0.11 µN with USDA and 0.17 µN with USDB. This dif-
ference is consistent with the results shown in Figure 2 of
Ref. [24] where M1 matrix elements for USDA and USDB
differ in a random way with a root-mean square (r.m.s.)
difference of about 0.10 µN being about the same for
large and small values. As suggested in [24], the r.m.s.
difference between experimental and theoretical M1 ma-
trix elements might be reduced if some of the M1 data
could be used to constrain the Hamiltonian.
The energy spacing of the experimental levels between

2300 keV and 3700 keV is better reproduced in the cal-
culations performed with the USDA interaction. The
results obtained with the USDB interaction show a spec-
trum with states having a regular spacing. Both calcu-
lations predict a high density of levels at high excitation
energy close to the neutron separation energy.
The experimental levels at 2384 keV and 2739 keV

decay exclusively to the ground state. The theoretical
levels at approximately same excitation energy are the
4+1 and 3+2 states, which have a ∼73% and ∼53% pure
πd5/2⊗ν(d5/2)

−1(s1/2)
2 configuration, respectively. The

4+1 state decays directly to the ground state, on the other
hand, the 3+2 level has a more complicated decay pattern
with parallel branches to the 3+1 and 2+1 states. Based
on the present statistics, the spin and parity assignment
of the tentative 2384 keV level and the 2739 keV state
cannot be unambiguously established and both 4+1 and
3+2 options are left as candidates for both states.
At higher excitation energies there is a large density of

calculated levels and among them the 1+2 and 4+2 states
belonging to the πd5/2 ⊗ νd3/2 multiplet. These levels

are of the same origin as the 1+1 and 4+1 states in the
low-energy spectrum of the weakly bound 26F nucleus.
The experimental branching ratios were compared to

the calculated decay pattern of the 4+2 , 2
+
3 , 2

+
2 and 1+2

levels. The Iπ of the 3562 keV level is tentatively assigned
to be 4+2 or 2+3 , that of the 3639 keV state 2+2 or 1+2 .
The 3562 keV state is a good candidate for the 4+2 which
belongs to the πd5/2 ⊗ νd3/2 multiplet with ∼64% pure
configuration. It would be favorably populated in the
reaction due to being an Yrast state. As no evidence
of the existence of a 1+2 state was found in the β-decay
experiment, the 3639 keV state is likely to be I = 2+2 .
The 2+2 and 2+3 levels have very mixed and complex wave
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functions.

In addition, theoretical predictions from first-
principles valence-space calculations, where the many-
body processes and 3N forces are included are explored.
Effective shell-model Hamiltonians based on two-nucleon
(NN) and 3N forces were first derived for the sd-shell re-
gion within the context of many-body perturbation the-
ory [3, 26–29], where excitations outside the valence space
were calculated to third order. There it was found that
both 3N forces as well as an extended valence space (i.e.,
including orbitals beyond the standard sd shell), were
essential to describe semi-magic isotopic/isotonic chains
on top of a 16O core. The need for an extended space in
the perturbative calculation of the valence-space Hamil-
tonian suggests that the extended orbitals need to be
included nonperturbatively.

Therefore, it has been considered in this paper a novel
nonperturbative method for constructing valence-space
Hamiltonians: the in-medium similarity renormalization
group (IM-SRG) [14, 30–32]. In addition to the IM-SRG
other ab initio methods have now successfully treated
the oxygen chain and selected fluorines and neon iso-
topes with NN+3N forces [33–36]. In the IM-SRG, a
continuous unitary transformation, parameterized by the
flow parameter s, is applied to the initial normal-ordered
A-body Hamiltonian such that undesirable off-diagonal

couplings are driven to zero as s → ∞:

H(s) = U †(s)HU(s) = Hd(s) +Hod(s) , (1)

Hod(s → ∞) = 0 . (2)

Taking the uncorrelated ground state of doubly magic
16O, and defining Hod to be all n-particle-n-hole excita-
tions, H(s → ∞) will flow to the fully correlated (i.e.,
exact) ground-state energy as Hod(s) → 0. Including ex-
citations that connect valence-space to non-valence-space
particle states in the definition of Hod, the sd valence
space will decouple from the core and higher shells as
s → ∞. The resulting Hamiltonian H(∞) will then con-
sist of renormalized sd-shell SPEs and TBMEs, to be
used as input in a standard shell-model calculation, in
addition to the 16O core energy [14, 31].
The starting point for these calculations are nu-

clear forces derived from chiral effective field theory
[37, 38]. We use the 500MeV-cutoff N3LO NN poten-
tial of Ref. [39] and the local N2LO 400 MeV-cutoff 3N
interaction of Ref. [40], evolved with the free-space SRG
[41] to a lower momentum scale, λSRG = 1.88 fm−1. IM-
SRG sd-shell Hamiltonians are then calculated follow-
ing the procedure outlined above, based on SRG-evolved
NN forces with 3N forces induced by the SRG evolu-
tion (NN+3N-induced) as well as with initial 3N forces
(NN+3N-full). The latter are included through normal
ordering with respect to the 16O Hartree-Fock reference
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state, truncated at the two-body level [42, 43]. For com-
plete details, see Ref. [14]. Finally, the resulting shell-
model Hamiltonians are diagonalized to obtain the spec-
trum of 24F, studying for the first time IM-SRG proton-
neutron valence interactions.

Without initial 3N forces, the spectrum (not shown)
is much too compressed and the ordering of levels is in-
correct: The first eight excited states lie below 2.0MeV,
in clear contrast to experiment and the NN+3N-full re-
sults shown in Fig. 6. While the ground-state energy of
24F is overbound by 7.7 MeV in the NN+3N-full calcula-
tion, the predicted excited-state spectrum is in remark-
ably good agreement with the new experimental mea-
surements. In particular, all excited states below the
one-neutron separation threshold are less than 200 keV
away from corresponding experimental levels. The only
exception is a 0+1 state at 2640 keV, also predicted with
USDA,B, which is likely not seen experimentally due to
the difficulty of the fragmentation method in populating
low-J states. Since coupling to the continuum is cur-
rently neglected, when included, a modest lowering of
the 2+2 , 4

+
2 , 1

+
1 , and 5+1 states would be expected near

threshold. Furthermore the wavefunctions and γ transi-
tions involving these states are very similar to those dis-
cussed above for USDA,B, strengthening the proposed
identifications made for the 3+2 and 4+1 states. Specifi-
cally the 3+2 → 3+1 branch is 26%, in moderately better
agreement with experiment. The probable identification
of the 3639 keV level as the 2+2 state suggests an incor-
rect 2+2 − 4+2 ordering is seen in these calculations. This
can be understood in terms of neglected continuum ef-
fects: The νd3/2 component of the 4+2 state is twice as

large as that in 2+2 , hence one would naively expect that,
when added, the continuum would then lower the 4+2 by
a greater amount than the 2+2 , possibly resulting in the
correct ordering. This hypothesis needs to be confirmed
by an unambiguous location of the 2+2 and 4+2 states in
24F and more detailed theoretical calculations. Recent
coupled-cluster calculations based on optimized N2LO
chiral NN and 3N forces have been performed for 24F
[36], which exhibit reasonable agreement with this new
experimental picture.

V. SUMMARY

Detailed spectroscopy of the 24F nucleus has been ob-
tained at GANIL using two complementary experimen-
tal techniques: β decay and in-beam γ-ray spectroscopy
from projectile fragmentation. Previously reported tran-
sitions (521, 1309 and 1830 keV) have been confirmed,
and in addition four new γ rays have been observed for
the first time. The γ-ray ordering was established from
relative intensity arguments and the large statistics of the

present data allowed to perform a γγ-coincidences analy-
sis. Gathering all the available information on 24F, a level
scheme has been proposed up to the neutron separation
energy. The ground state spin and parity of 24F is unam-
biguously determined to be 3+. Excitation energies and
branching ratios are compared to two shell-model calcula-
tions (using the standard USDA and USDB interactions)
as well as to ab initio shell-model calculations, using in-
teractions derived from chiral NN+3N forces by means
of the IM-SRG. From this comparison a identification of
the measured states has been obtained. It is suggested
that the 3+1 ground state and the 2+1 levels belong to the
πd5/2⊗νs1/2 multiplet with more than 70% pure configu-

ration. The 1+1 state has a predominant πs1/2⊗νs1/2 con-
figuration. At higher excitation energy, the large density
of observed and calculated states makes the identification
of the experimental levels more ambiguous. Based on the
present statistics, the spin and parity assignment of the
tentative 2384 keV level and the 2739 keV state cannot
be unambiguously established and both 4+1 and 3+2 op-
tions are left as candidates for both states. These two
states have predominant πd5/2 ⊗ ν(d5/2)

−1(s1/2)
2 con-

figurations. Tentative 2+2 and 4+2 spin parity values are
proposed for the 3639 keV and 3562 keV levels, respec-
tively. Their ordering is only reproduced by the shell
model using the USDA and USDB interactions, while
the calculations performed with the IM-SRG predicts an
inversion of the two states. As being significantly less
mixed than the 2+2 state, the 4+2 is expected to be more
sensitive to continuum effects, and therefore the explicit
treatment of such effects should lower its energy by a
greater amount than the 2+2 . This would possibly result
in the correct ordering in the IM-SRG model. Further
spectroscopic information of 24F at high excitation en-
ergy and more detailed theoretical calculations will be
needed to elucidate the role of the continuum in the high-
energy part of the level scheme of this nucleus, but the
overall agreement between IM-SRG theory and experi-
ment is extremely satisfactory.
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