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Abstract. The unbound proton-rich nuclei 16F and 15F are investigated experimentally and theoretically.
Several experiments using the resonant elastic scattering method were performed at GANIL with radioac-
tive beams to determine the properties of the low lying states of these nuclei. Strong asymmetry between
16F-16N and 15F-15C mirror nuclei is observed. The strength of the nucleon−nucleon effective interaction
involving the loosely bound proton in the s1/2 orbit is significantly modified with respect to their mirror
nuclei 16N and 15C. The reduction of the effective interaction is estimated by calculating the interaction
energies with a schematic zero-range force. It is found that, after correcting for the effects due to changes
in the radial distribution of the single-particle wave functions, the mirror symmetry of the n−p interaction
is preserved between 16F and 16N, while a difference of 63% is measured between the p − p versus n − n
interactions in the second excited state of 15F and 15C nuclei. Several explanations are proposed.

PACS. 21.10.-k Properties of nuclei; nuclear energy levels – 27.20.+n 6 ≤ A ≤ 19 – 21.60.Cs Shell Model –
21.10.Sf Coulomb energy – 21.10.Dr Binding energies and masses – 25.60.-t Reactions induced by unstable
nuclei – 25.70.Ef Resonances – 25.40.Cm Elastic proton scattering

1 Introduction

The exploration of the nuclear landscape was made pos-
sible by the development of radioactive beams. Nuclear
models have been developed and tested in nuclei far away

a Present address: Technische Universität Darmstadt, Ger-
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from the valley of stability [1,2,3,4]. Approaching the shores
of this landscape, the nuclear drip lines, has allowed the
observation of several new phenomena, such as halo nu-
clei, modification of the effective nuclear interactions, re-
arrangement of the nuclear shells, and clustering. Beyond
the drip line, unbound nuclei usually disappear in the
form of waves in the sea of the continuum, i.e. large res-
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onances. Theoretical description of the unbound nuclei,
identification and understanding the role of specific parts
of the nuclear forces, are still challenges to nuclear re-
search. Recently, following Ikeda’s work on α-clustering
near α-emission threshold [5], Oko lowicz et al [6,7] pro-
posed to generalize the Ikeda’s conjecture to all near thresh-
olds states, including states involving unstable subsystems
like di-neutron or di-proton.

In this article, focus is given to the nucleon−nucleon
interaction, represented by the Two-Body Two-Body Ma-
trix Elements (TBME) in the nuclear shell model. The
idea is to investigate by how much the nucleon−nucleon
interaction changes when nuclei are fully embedded in the
continuum.

Experimentally, the effective nucleon− nucleon inter-
action energy, labeled δVexp, can be extracted from the
measured binding energies (BE) [8,9]. For instance, the
n− p interaction energy is obtained from the relation

δVexp = BE(Z,N) + BE(Z− 1,N− 1)

−BE(Z− 1,N)− BE(Z,N− 1)

Theoretically, δVth has been predicted to depend on
the spatial overlap of wave functions of the last particles [9,
10,11,12]. Indeed, as one approaches the drip line, radial
wave functions for these particles spread and dilute further
in space. As a result δVth is expected to decrease since the
spatial overlap between a well bound and the unbound
nucleon is smaller.

A good way to shed light on the effect of the con-
tinuum in the nucleon − nucleon interaction is to com-
pare level schemes of mirror nuclei involving a bound and
an unbound nucleus. The asymmetries observed between
the mirror nuclei can be used to single out the role of
nucleon−nucleon interaction. In this article, we combine
the results obtained from previous and new experiments
performed at GANIL for the unbound nuclei 16F and 15F.
In all these experiments, the resonant elastic scattering
method was used with the thick target inverse kinematics
technique [13,14,15,16].

2 The case of 16F

The mirror pair, 16F-16N, can be considered a perfect case
to investigate the effect of the continuum in the nucleon−
nucleon force. The structure of the 16N nucleus (Sn =
+2488.8(2.3) keV) is well known, and the first low ly-
ing states are well described assuming pure single-particle
configurations. The structure of the mirror 16F nucleus
(Sp = -535(5) keV) have been previously investigated and
the results are presented in detail in Ref. [17]. This exper-
iment had the advantage of combining excellent energy
resolution, high statistics, and precise energy calibration,
marking a leap in quality and consistency over the prece-
dent results obtained for this nucleus. Experimental and
theoretical aspects of this study are presented succinctly
hereafter.

Table 1. Measured energy, spin, width and spectroscopic fac-
tor of the low-lying states in 16F. The properties of the 3−

state were adopted from Ref. [20].

Ex (keV) Jπ Γp (keV) S

0 0− 25 ± 5 1.1(2)
193 ± 6 1− 70 ± 5 0.91(8)
424 ± 5 2− 6 ± 3 1.2(5)
722 ± 16 3− 15.1 ± 6.7 1.3(6)

2.1 Experiment

A radioactive beam of 15O ions was produced at the SPI-
RAL facility at GANIL through the fragmentation of a
95 AMeV 16O primary beam impinging on a thick carbon
graphite production target. The ions were post-accelerated
by means of the CIME cyclotron up to the energy of 1.2
AMeV. It was possible to obtain an 15O6+ beam with an
intensity of 1.0(2)x106 pps and 97(1) % purity. The ions
were implanted onto a thick polypropylene (CH2)n tar-
get. Some ions underwent proton elastic scattering and the
scattered protons were detected promptly to the reaction
in a 300 µm thick silicon detector that covered an angular
acceptance of ±1◦ downstream of the target (θcm = 180◦).

The measured excitation function is shown in Fig. 1.
An energy resolution of 23.5(3) keV FWHM was obtained
in lab, which corresponds to ' 7 keV FWHM in the cen-
ter of mass. The resonances in the compound nucleus 16F
(15O +p) were studied through an R-matrix analysis of
the spectrum. Three resonances can be observed corre-
sponding to the 0− ground state and the 1− and 2− first
excited states of the unbound 16F nucleus. The measured

Fig. 1. Excitation function of the reaction 15O(p,p)15O mea-
sured in inverse kinematics. The black line corresponds to the
R-matrix fit. The presence of the 0− ground state, and two
excited states 1− and 2− is clearly observed. The resolution of
the experiment was ' 7 keV FWHM in cm. Adapted from Ref.
[17].

properties are presented in Table 1. The deduced spectro-
scopic factors of the low-lying states in 16F are all close
to 1. Similar values were found for the mirror nucleus 16N
[18,19].
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Fig. 2. Level schemes of the two mirror nuclei 16F and 16N.
The states corresponding to the 1p1/2⊗ 1d5/2 and 1p1/2⊗ 2s1/2
single-particle configurations are shown in blue and red respec-
tively.

2.2 Effective n− p interaction energies

The level schemes of the two mirror nuclei 16N and 16F
are compared in Fig. 2. Large differences can be observed:
the ground state of 16F has Jπ = 0− while that of 16N
has Jπ = 2− [20]. In 16F, compared to 16N, it looks
like both 0− and 1− states are down shifted in energy
by about 500 keV relatively to 2− and 3− states. The low-
lying states of the 16N nucleus can be well described using
a single-particle configuration with a closed core of 14C
and a deeply bound proton in the 1p1/2 orbital (Sp(

15N)=
+10.2 MeV) coupled either to a neutron in the 2s1/2 or-

bital (Sn(15C)= +1.22 MeV), leading to Jπ=0−, 1− states,
or to a 1d5/2 neutron (Sn(15C*)= +0.48 MeV), forming

the Jπ=2−, 3− states. In the same way, (0,1)− and (2,3)−

states in 16F can be described as a 14O core and a neu-
tron in the 1p1/2 orbital (Sn(15O)= +13.22 MeV) cou-

pled either to a proton in the 2s1/2 orbital (Sp(
15Fgs)=

-1.27 MeV) or to a proton in the 1d5/2 orbital (Sp(
15F*)=

-2.79 MeV). None of the states have the same spin, so,
they don’t mix, and if we neglect interaction with higher
energy states of the same spin value, the spacing between
the two members of a given multiplet is only due to the
residual interaction. For example, in the case of the Jπ=0−

state in 16N (14C+n+p), originating from the n − p cou-
pling π1p1/2 ⊗ ν2s1/2, the effective n − p interaction is
calculated with

δVexp(16N)0− = BE(16N)0− − BE(15N)1/2−

+BE(14C)0+ − BE(15C)1/2+

The same method was also applied to the Jπ=1− state,
and to the Jπ=2−, 3− states originating from the n − p
coupling π1p1/2 ⊗ ν1d5/2.

The obtained experimental n − p interaction energies
are given in Table 2. It is observed that the effective n−p
interaction changes by 40% for the (0−,1−) multiplet as
compared with the mirror nucleus 16N, and by 10% for the
(2−,3−). In all cases it is weaker in 16F, in agreement with
expectations that δV will decrease as the nucleus goes in
the direction of the drip line.

Table 2. Measured effective n − p interaction energies. The
uncertainties are lower than 10 keV on all values. Calculated
from Ref. [17,21]

State (Jπ) δVexp (16N) δVexp (16F)
(MeV) (MeV)

0− -1.151 -0.735
1− -0.874 -0.542

2− -2.011 -1.834
3− -1.713 -1.536

0 2 4 6 8 10 12r(fm)
2−10

1−10
2

u(
r)

2s1/2

N16

F16

Fig. 3. Comparison of the calculated single-particle wave func-
tions for the 2s1/2 orbital in 16F and 16N. The difference is due
to the fact that the neutron in 16N is bound whereas the proton
in 16F is unbound. The wave functions have been calculated
using a Woods-Saxon potential.

2.3 Interpretation

This apparent breaking of the symmetry of the nuclear
force between 16N-16F mirror nuclei is explained by the
large coupling to the continuum. The single-particle wave
functions have been calculated considering a Woods-Saxon,
Coulomb and spin-orbit potentials, using a standard set of
parameters (VWS ≈50-60 MeV, a = 0.6 fm, r0=1.26 fm,
VSO=6 MeV). As can be seen in Fig. 3, the wave functions
calculated for the 2s1/2 orbit are different since the neu-

tron is bound in 16N and the proton is unbound in 16F.
This difference modifies the overlap between the 2s1/2 and
the 1p1/2 wave functions, and so, the effective n − p in-
teraction. This effect has been investigated in details by
Ogawa et al [11] using a Woods-Saxon plus M3Y force,
and by Yuan et al [12] using a monopole-based-universal
interaction (VMU) in the Woods-Saxon basis. Here, we
use a schematic zero-range interaction v = −a δ(rp−rn)
to calculate the effective nucleon−nucleon interaction. In
the definition, a is the positive strength of the interaction
given in units of MeV.fm−3, and the minus sign serves
to emphasize its attractive nature. Despite its seeming
simplicity, the δ interaction reproduces fairly well many
properties of nuclei [10]. One gets

δV th = −aJ
4π

∫ ∞
0

1

r2
[up(r)un(r)]2dr
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Table 3. Calculated reduction factor for the effective
nucleon− nucleon interaction.

δV th Reduction Factor
< 1p1/22s1/2|vpn|1p1/22s1/2 > 0.66
< 1p1/21d5/2|vpn|1p1/21d5/2 > 0.80

< (2s1/2)2|vpp|(2s1/2)2 > 0.33
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Fig. 4. Asymmetry factors F (see text) are shown for several
mirror states. For the 4 states (0−, 1−, 2−, 3−) studied in 16F-
16N, the mirror symmetry is well preserved since the F is close
to 1. In the case of the 1/2− narrow resonance in 15F, F can
be more or less close to 1.0 depending on the its structure.
The case of a pure 13N+π(1d5/2)2 structure is indicated by a
black star, for a pure 13N+π(2s1/2)2 by the blue star, and for
2He cluster+13N core by the red star. The associated errors
are much smaller than the size of the stars.

where aJ contains the strength of the n− p nuclear inter-
action in the state with spin J , and un(r) and up(r) are
the radial wave functions calculated with a Woods-Saxon
potential. By virtue of the charge symmetry of nuclear
forces, the same aJ coefficients have been used to calcu-
late the interaction energies in the mirror nuclei 16F and
16N.

The calculated Reduction Factors δV th(16F)
δV th(16N)

are pre-

sented in Table 3. These factors are of the same order as
those calculated in Ref. [12], even if they were not cal-
culated with the same core nucleus (16O instead of 14O).

The Asymmetry Factor F = δV exp(16F)
δV th(16F)

× δV th(16N)
δV exp(16N)

can be used to determine the degree of mirror asymmetry
remaining after correction for wave functions differences in
the mirror states. If the observed asymmetry is due solely
to this effect, F must be equal to 1.0. The calculated value
of F for all states studied in this article are presented in
Fig. 4. As can be observed in the figure, these factors are
close to the expected value of 1.0 for the 4 states. Small
deviations of about 10% are observed for the 2− and 3−

states, but the model used here is too simplistic to give real
credit to these small deviations. Despite the fact that the
experimental n−p interaction energies δV exp are reduced,
the mirror symmetry is preserved. In agreement with the
conclusion of Ref. [11] and [12], we confirm that the large
differences in effective n − p interaction energies between

Table 4. Measured energy, spin, width and spectroscopic fac-
tors of the low-lying states in 15F. The numbers in brackets
correspond to statistical and systematic uncertainties.

ER (keV) Jπ Γp (keV) S

1270(10)(10) 1/2+ 376(70)(+200
0 ) 0.8

2763(9)(10) 5/2+ 305(9)(10) ≈1.2

4757(6)(10) 1/2− 36(5)(14) ≈0.005

the mirror states are mainly explained by the different
overlaps between the wave functions.

3 The case of 15F

The isotope 15F is located two neutrons away from the
proton drip line. The study of this nucleus is briefly pre-
sented below. More details about this study can be found
in Ref. [22,23,24,25]. In addition, new results have been
obtained recently and are presented here for the first time.

3.1 Experiments

Three experiments were performed at GANIL to study the
unbound 15F nucleus. The third experiment was focused
on the study of the two-proton decay. The obtained results
[25] will be published soon in a refereed journal [24]. The
objective of the first two experiments was the study of the
structure of the low lying states. The excitation function of
the elastic scattering reaction 14O(p,p)14O was measured
at 180◦ (c.m.), as can be seen in Fig. 5. It was obtained
in inverse kinematics using a thick polyethylene (proton)
target. This spectrum has high statistics, good energy res-
olution with 16.5(5) keV FWHM (≈ 95 keV FWHM for
the second experiment) and large energy covering from
0.4 MeV to 5.6 MeV (4 MeV to 5.6 MeV). The anal-
ysis of the excitation function was performed using the
R-matrix method with the code AZURE2 [26]. The fit is
shown by the continuous blue line. The measured spectro-
scopic properties are presented in Table 4, and they were
used to produce the level schemes shown in Fig. 6.

The obtained values for the two first states are in
agreement with those from the literature [22]. In addition,
the second excited state was clearly observed as a narrow
dip in the excitation function, see right side of Fig. 5. In
the mirror nucleus 15C, the second excited state has spin
Jπ = 1/2−. The shape of the dip observed in the excita-
tion function presented in Fig. 5 could be reproduced by
R-matrix calculation assuming Jπ = 1/2−. The R-matrix
fit of the excitation function was performed taking into
account the experimental resolution.

A second experiment was performed at GANIL in or-
der to confirm the existence of this 1/2− state and to
search for new states at higher energy. The same tech-
nique of resonant elastic scattering was used, although the
measurement was made with a completely different exper-
imental setup. A much thinner (≈ 100 µm) polyethylene
target was used and the protons were detected with the
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Fig. 6. The level scheme of 15F compared to 15C.

MUST2 [27] ensemble of silicon detectors. Details and re-
sults of this experiment are presented in Ref. [24,25]. As
shown with the red dots in the right side of Fig. 5, the
new measurement perfectly confirms the presence of a dip
in the excitation function. The resonance is measured at
ER = 4.880(140) MeV with Γ = 23(10) keV. It is in good
agreement with the results of the first experiment, con-
firming the existence and properties of this narrow reso-
nance.

The two protons emission from this narrow resonance
is energetically possible, see Fig. 6. Since there is no inter-
mediate state accessible to 14O, it should be a direct two-
proton emission to the g.s. of 13N. Considering that the
available energy is only Q2p = 130 keV [21], the branching
ratio for the two proton emission is negligible (Γ2p < 10−10

eV), and the measured width corresponds only to the
emission of a single proton towards the g.s. of 14O.

3.2 Effective p− p and n− n interaction energies

The observation of this narrow resonance in 15F is quite
surprising since it is located 1.6 MeV above the Coulomb
plus the `=1 centrifugal barrier for proton emission. There
is no barrier to retain the proton inside the nucleus. More-
over, it is difficult to calculate the single-particle width for
such a loosely bound state. The Wigner width is ΓW ≈7.4
MeV. Experimentally, the spectroscopic factor for the one-
proton emission is Sgs=0.005 (calculated with the Wigner
width). It is clear that the structure of this state is far from
being a proton coupled to a 14Ogs core. It is interesting
to look for the 99.5% missing component.

The situation is not completely symmetrical in the mir-
ror 15C nucleus. The 1/2− state in the mirror nucleus is
at the excitation energy Ex=3.10 MeV, it is unbound for
the emission of one neutron by 1.89 MeV, and bound for
the emission of two neutrons by 6.29 MeV, see Fig. 6. This
state has also been measured as a narrow resonance, with
a width of 38 keV [28]. It is thought to be primarily an
(sd)2 excitation, i.e. 13C(gs)×(sd)20+ [28,29].

Theoretically, shell model calculations were performed
with the code NUSHELLX [30] in the psd space and with
the psdmk interaction [31]. It is calculated that the spec-
troscopic factor to the ground state is Sgs = | <14Ogs +
p|15F1/2− > |2=0.025, confirming the weak overlap with
14Ogs.

Canton et al [32] used the multichannel algebraic scat-
tering (MCAS) theory with Pauli-hindered method to pre-
dict the properties of the low-lying states in 15F. The cal-
culations was recently updated and several unusual nar-
row resonances are predicted at high energies [33]. A very
narrow width Γ=5 keV was predicted for the 1/2− state
[32], later updated to Γ=107 keV [33].

Fortune and Sherr [29], using a potential model, de-
termined the single-particle widths for 15C. These values
were scaled down to reproduce the measured widths in
15C, and the extracted dimensionless reduced widths θ2

were used to calculate widths in the mirror nucleus 15F.
The results of these calculations confirmed that narrow
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Table 5. Measured effective interaction energies in 15F and
15C

State (Jπ) δV exp
nn δV exp

pp

(MeV) (MeV)

1/2− -2.127 -0.963
Coulomb corrected - -1.142

resonances are to be expected in 14O+p, with a predic-
tion of Γ=55 keV for the 1/2− state. Refined values were
later published by Fortune [28], with Γ=38 keV. Canton
et al [34] objected that θ2 do not necessary scale with
the single-particle widths, especially when θ2 is small [35].
Moreover, the presence of a particle continuum can signif-
icantly impact spectroscopic properties of weakly bound
nuclei and excited nuclear states close to, and above, the
particle emission threshold [36], which is the case here.

Gamow Shell Model in the coupled channel represen-
tation [37] was also used to determine the properties of
this state. The calculations were performed considering a
12C core and three valence protons. It was confirmed that
the overlap with 14Og.s.+p is very weak, with Sgs=0.0035.
It was found that the 1/2− state is 97% composed of two
quasi-bound protons located in the 2s1/2 shell [38].

The formalism presented in the previous section to de-
duce the n−p effective interaction energies was applied to
15F(1/2−) to deduce the p−p effective interaction energy.
We suppose that the 1/2− state can be described by an
inert core of 13Ngs(1/2

−) coupled to two protons in the
2s1/2 orbit. Shell model calculations show that the first

excited state of 14O1−(Ex=5.173 MeV) is well described
by a 13Ngs plus one proton in the 2s1/2 shell, the spectro-
scopic factor being S=0.70. In this case, we can write for
15F

δVexp
pp = BE(15F)1/2− + BE(13N)1/2− − 2× BE(14O)1−

The n−n interaction energy is determined in the same way
with 15C. The obtained interaction energies are listed in
Table 5. However, both valence protons in 15F are charged
and the Coulomb repulsion energy must be corrected for.
This was calculated using the formula [39]

W =
1

2

∫
ρ(r)φ(r)dv

where ρ(r) is the density of charge, φ(r) the electrical
potential and dv a volume element. The calculated cor-
rection is W = 179 keV, which gives δV exp

pp =-1.142 MeV.
This value indicates that the interaction energy is weaker
in 15F by a factor 1.9, once again in agreement with the
expectation that the interaction decreases as the nucleus
approaches, or goes further, the drip line.

3.3 Interpretation

If the 1/2− state in 15F is described as a 13N core+ two
proton in the 2s1/2 orbital, a huge reduction factor of 0.33
is calculated, see Table 3. This is in agreement with the

results of Ref. [12] where the greatest reduction factor has
been observed for this TBME. Actually, their calculated
value is 0.68, which is twice the value of the present work.
However, it should be emphasize that their values has been
calculated with a different interaction. Also, the asymme-
try factor F , shown in Fig. 4, is 63% larger than the ex-
pected value of 1. Such a large difference is significant and
needs an explanation. One of them is the fact that core po-
larization effects, which should be included, has not been
taken into account in our simple model.

Also, it is possible that the aJ strength coefficients are
different between the two nuclei. This may be due to the
fact that the 1/2− resonance in 15F is located only 130 keV
above the two-proton emission threshold, whereas in the
mirror nucleus 15C, the 1/2− state is bound by 6.3 MeV for
two-neutron emission. This asymmetry in 15F/15C would
be an indication of the generalized Ikeda’s conjecture [6,
7]. The p − p correlation might be enhanced in 15F com-
pared to the n− n correlation in the mirror nucleus 15C.
To estimate the impact of this correlation enhancement,
we treated 15C(1/2−) as 13C + 2n where the 2n cluster
is bound in a Woods Saxon potential well. We then ap-
plied the same potential to calculate the resonance energy
of the mirror system 15F as 13N+2He, correcting for the
Coulomb energy in 2He (≈ 200 keV). The calculated asym-
metry factor is F=1.16, as shown in Fig. 4 by a blue star.
Thus, to explain the 15F/15C difference it would be nec-
essary to describe the 1/2− state of 15F as being 100%
composed of 13N+2He cluster.

Another much simpler solution would be to add to
the (2s1/2)2 wave function a part of (1d5/2)2 component,
which would have the effect of increasing the overlap of
the wave functions, reducing the asymmetry. To get the
asymmetry factor F = 1, the states in 15F and 15C should
be described as composed with 58% of (1d5/2)2 and 42%

of (2s1/2)2. Fortune et al [40] predicted 46% and 54% re-
spectively, using the Lawson-Serduke-Fortune two-body
matrix elements. Using these values, they predicted the
energy of the 15F 1/2− state at ER =4.63 MeV [29], which
is only 127 keV below our measured energy.

4 Conclusion

In the present investigation we have explored the nucleon−
nucleon force in nuclei beyond the proton drip line. Strong
asymmetry between 16F-16N and 15F-15C mirror nuclei
was observed. For the 16F and 16N pair, the apparent
breaking of the symmetry can be explained by the dif-
ference in the overlaps of the wave functions due to the
coupling with the continuum. The recently measured and
confirmed 1/2− state in 15F, on the other hand, shows
asymmetry that cannot be explained by the difference in
the overlaps of pure (2s1/2)2 wave functions. This may be
an indication of an increase in correlation between the two
least bound protons due to the proximity with the two-
proton emission threshold. It may also be an indication
that the states are described by an almost equal mixture
of (2s1/2)2 and (1d5/2)2 components.
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Grinyer et al., Phys. Rev. Lett. 110, 082502 (2013)

9. D.S. Brenner, R. Cakirli, R. Casten, Physical Review C
73, 034315 (2006)

10. K.L. Heyde, in The Nuclear Shell Model (Springer, 1994)
11. K. Ogawa, H. Nakada, S. Hino, R. Motegi, Physics Letters

B 464, 157 (1999)
12. C. Yuan, C. Qi, F. Xu, T. Suzuki, T. Otsuka, Physical

Review C 89, 044327 (2014)
13. V.Z. Gol’dberg, A.E. Pakhomov, 56, 1167 (1993)
14. F. de Oliveira Santos, P. Himpe, M. Lewitowicz, I. Stefan,

N. Smirnova, N.L. Achouri, J.C. Angélique, C. Angulo,
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