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Radioactive beams of *O and 'O were used to populate the resonant states 1/2%, 5/27 and

0-,17,2"

in the unbound ®F and 'SF nuclei respectively by means of proton elastic scattering

reactions in inverse kinematics. Based on their large proton spectroscopic factor values, the resonant
states in '9F can be viewed as a core of **O plus a proton in the 2s1/9 or 1ds/o shell and a neutron
in 1p;/o. Experimental energies were used to derive the strength of the 2s;/5-1p1/2 and 1d5/2-1p1 /2
proton-neutron interactions. It is found that the former changes by 40% compared with the mirror
nucleus 19N, and the second by 10%. This apparent symmetry breaking of the nuclear force between
mirror nuclei finds explanation in the role of the large coupling to the continuum for the states built

on an ¢ = 0 proton configuration.

PACS numbers: 25.60.-t,97.10.Cv,25.70.Ef,25.40.Cm,21.10.-k,27.20.4+n
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I. INTRODUCTION

Theoretical description of particle-unbound nuclei in
the framework of open quantum systems is a challenge to
basic nuclear research [1]. In such systems, the coupling
to the scattering continuum may lead to the modification
of the effective interactions [2] and a further reordering of
the shells [3]. The identification and understanding of the
role of specific parts of the nuclear forces [3] in stabilising
atomic nuclei and inducing shell evolutions is a central
theme of nuclear physics [4]. This understanding would
bring a better predictive power for exotic nuclei such as
those involved in the explosive r-process nucleosynthesis
or X-ray bursters where relevant spectroscopic informa-
tion is not yet available [5]. A good way to shed light on
the effect of the continuum is to compare level schemes of
mirror nuclei involving a bound and an unbound nucleus.
The asymmetries observed between the mirror nuclei, the
so-called Thomas-Ehrman shifts [6], can be used to single
out the role of nucleon-nucleon interaction.

An ideal case to study the effect of the continuum can
be found in the mirror systems: unbound {°F7 and the
bound 1%Ng nuclei [7]. In the present work, we propose
to determine the energies and widths of the unbound
states in °F and !9F using the resonant elastic scattering
technique. The new measurements have the advantage to
combine excellent energy resolution, high statistics and

precise energy calibration that marks a leap in quality
and consistency over the precedent results obtained for
these nuclei. We shall use these properties to derive the
proton-neutron interaction energies in the unbound '5F
nucleus and to determine the role of the continuum in
changing effective interactions in mirror nuclei.

II. EXPERIMENT

The nuclei '8F and '°F were studied through the mea-
surement of elastic scattering excitation functions. Elas-
tic scattering reactions at low energies can be described
by the Rutherford scattering process, but the excitation
function also shows ”anomalies”, i.e. resonances that are
related to states in the compound nucleus. The analysis
of these resonances through the R-Matrix formalism [8]
can be used to determine spectroscopic properties of the
states, i.e. excitation energies, widths, and spins, see ex-
amples of analysis in Ref. [9, 10]. Four different beams
were used in this experiment: the two radioactive beams
of 0 and O for the study of 'F and '°F, and the two
stable beams “N and '°N for the calibrations.

Radioactive 1O ions were produced at the SPIRAL
facility at GANIL through the fragmentation of a 95
AMeV 160 primary beam impinging on a thick carbon
production target. They were post-accelerated by means
of the CIME cyclotron up to the energy of 1.2 AMeV, the



lowest energy available at this accelerator. Intense (sev-
eral nAe) stable >N'* and molecular (**N*¢0)?* beams
came along with the radioactive beam of interest. The
selection of one of these species was obtained by using a
vertical betatron selection device [11] located inside the
cyclotron, and by choosing the suitable magnetic rigid-
ity of the LISE spectrometer [12] after the nuclei have
traversed a 38 pg/cm? carbon stripper foil located at
the object focal point of LISE. It was possible to obtain
an 1°0%F beam with an intensity of 1.0(2)x10° pps and
97(1) % purity, or one of two stable beams of N6+ or
N6+ with 10® pps and 100 % purity.

The selected ions were sent onto a thick polypropy-
lene (CHay),, target in which they were stopped. Some
ions underwent proton elastic scattering and the scat-
tered protons were detected promptly to the reaction in
a E(300 pm) silicon detector that covered an angular
acceptance of £1° downstream the target. Resonances
in the compound nucleus F were studied through the
analysis of the scattered protons spectrum obtained with
the O beam. Stable beams of "N and N were used
for calibration purposes to measure the elastic scattering
reactions 'H(!N,p)!N and 'H(**N,p)'°N in the same
experimental conditions. Energy calibrations and reso-
lutions were measured by populating known resonances
in the compound nucleus 50 [14]: the state J™=3/2T,
Er =987(10) keV, I' = 3.6(7) keV, and in the compound
nucleus °0: J™=0", Ep = 668(4) keV, I' = 40(4) keV
and J7=27, Ep = 841(4) keV, I = 1.34(4) keV.

In the same manner, radioactive O ions were pro-
duced with the intensity of 1.9(1)x10% pps and post-
accelerated to 6 AMeV. The isobaric contamination of
the beam was reduced down to 0.0(1) %. Scattered pro-
tons were detected in AE(500 pm)-E(6 mm cooled Sili)
silicon detectors that covered an angular acceptance of
+2.16°. Resonances in the '°F compound nucleus were
studied through the analysis of the proton spectrum. A
pure MN6* beam accelerated to 6 AMeV was used for
calibrations.

The energy resolution of the measured scat-
tered protons can be determined by the relation:

OLab \/Uﬁet + 05 + 02414y, Where 04e; is the energy

resolution of the detector that is o4.:=9 keV (20 keV)
in the O (YN) setting, osirqq is the energy straggling
in the target that is estimated to be lower than 5 keV
from simulations, and oy is the energy resolution due to
the aperture dfl of the detector. In inverse kinematics
it can be derived that oy = tan(f)EdI. Therefore
the degradation in energy resolution is minimal when
0 = 0°. For this reason, and for maximizing the ratio
between the nuclear and the Coulomb contribution of
the differential cross-section, the scattered protons were
measured at forward angles. An energy resolution of
oreyr = 10 keV was measured in the case of 1F, which
leads to oo ~ 3 keV in the center of mass, and o4, =
22 keV or ocar ~ 7 keV in the case of °F.

III. RESULTS

The measured scattered protons spectra of
TH(Y%0,p)*0 and 'H(*0,p)'*O were transformed
into the center of mass excitation functions by taking
into account the energy losses, the energy and angular
straggling, the intrinsic energy resolution and the
angular acceptance of the Si detectors. This procedure
was successfully tested using the 'H(N,p)*N and
'H(*N,p)!®N reactions (see the upper part of Fig. 1).
Reactions with the carbon nuclei of the target, although
very weak, were subtracted in the case of °F using data
from Ref. [13], and neglected in the other systems. The
incident energies in CM are 1.15 MeV and 5.6 MeV
respectively. As the lowest excited states in 1°0 and 4O
lie above 5.1 MeV, inelastic scattering do not contribute
to the reaction with 14O, and is expected to be negligible
in the case of 0.

The spectra corresponding to F and °F are shown
in the lower part of Fig.1. They were fitted using the
R-matrix formalism with the code Anarki [8]. The shape
and height of the peaks are used to derive the energy, J©
and width of the resonances. The uniqueness of the solu-
tion was controlled carefully. Two broad resonances are
found at S,=-1.31(1) MeV, I'3=853(146) keV, J™=1/2"
and Eg=2.78(1) MeV, I'g=311(10) keV, J™=5/2% in
I5F. Energies and widths of these resonances are con-
sistent with previous results having larger uncertainties
[16]. Three resonances corresponding to the 0~, 1~ and
2~ states in °F were identified. Their energy and width
are given in Table I. A proton separation energy S, = -
534 £ 5 keV was obtained, in agreement with the value
Sp = -536 £ 8 keV recommended both in the compila-
tion [14] and the recent measurement S, = -535 keV [13].
Conversely, the observed width of the 1~ resonance, 70 +
5 keV, differs significantly with the recommended value
of < 40 keV or with the recent experimental value of 103
+ 12 keV [13], and is in good agreement with the most
recent measurement of 87 + 16 keV [15]. New recom-
mended weighted mean values are proposed in Table I for
the three resonances, while the properties of the J7=3~
state are taken from Ref. [13]. The measured widths
[P of resonances are related to the spectroscopic fac-

tors C?S through the relation I'c,, = C2S Ty, where Ty,
are the calculated single-particle widths [13]. As shown
in Table I, the measured spectroscopic factors of the low-
lying states in 'F are all close to 1. It is also the case in
the mirror nucleus '°N [19, 21].

A recent publication [20] reported very precise predic-
tions of the °F low-lying states widths using charge sym-
metry of strong interaction and Woods-Saxon potentials.
A 30 % disagreement is observed between these predic-
tions and our very accurate experimental results. It sug-
gests that a larger value of the radius should be used in
the potential. As shown in Fig. 6 of Ref. [20], a value of
3.6 fm gives a much better agreement.
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FIG. 1: Measured excitation functions of proton resonant elastic scattering on the N, *N, *0 and O nuclei. The differential
cross sections measured at 180° in the CM are shown as a function of the laboratory energy Er.,. Several resonances in the
compound nuclei 1°0, 0, 1°F and '°F can be observed. The lines are results of the R-matrix calculations using the parameters

in

from Ref. [14] for the '*O and '®O nuclei, from Table I for the '°F nucleus, and from this work for the two resonances observed
5

TABLE I: Measured energies, widths and deduced spectroscopic factors C2S for the low-lying states in °F. The new recom-
mended separation energy is S, = -535 £ 5 keV. The spectroscopic factors are calculated using the method proposed in Ref

[13].
Compilation ref [14] Ref [13] Ref [15] This work New Recommended
E; keV) J*° T, (keV)| E; (keV) T, (keV) | T, (keV)| Egz(keV) T (keV) Eq(keV) 'y (keV) C?S
0 0~ 40+£20 0 228 £ 144 18 £ 16 0 25£5 0 256 £ 4.6 1.1(2)
193 +6 17 < 40 187 4+ 18 103 £ 12 87 £ 16| 198 £10 T70+£5 194 £ 5 76 £ 5 0.91(8)
424 £5 27 40+ 30| 416 £ 20 4.0 £ 2.5 16 £ 16 425 £ 2 6+3 4248 £19 5.0=£20 1.2(5)
721 +£4 37 <15 722 £16 151 £6.7 12 £ 16 721 £ 4 15.1 £ 6.7 1.0(5)
IV. INTERPRETATION ing to J7=27,3" states (see Fig. 2). In the same

The comparison of the two level schemes of the mirror
nuclei 'N and 'F is shown in Fig. 2. Large differences
can be observed: the ground state of °F has 0~ while
that of 15N has 27, and the two 0~ and 1~ states are
down shifted in energy relatively to the other states by
more than 500 keV.

In these odd-odd nuclei, a good approach is to use a
core plus two nucleons model. The first excited states
of the 1®Ng nucleus can be well described using a single-
particle description with a closed core of *C plus a deeply
bound proton in the 1p; /5 orbital (S,(**N)=+10.2 MeV)
plus a neutron in the 2s;/, orbital (S,('°C)=+1.22
MeV), leading to J™=0",1" states, or plus a neu-
tron in the 1ds/, orbital (S,(**C*)=+0.48 MeV), lead-

way, (0,1)7 and (2,3)” states in 1°F can be described
as a O core plus a neutron in the Ip1/o orbital
(Sn(*50)=+13.22 MeV) plus a proton in the 2s;/, or-
bital (S,(*°F)=-1.31 MeV) or plus a proton in the 1ds />
orbital (S, (*°F*)=-2.78 MeV). This simplified single par-
ticle view is justified as the spectroscopic factor values of
the systems (!N = 14C + p), (1°F = O + p) and
(15C=11C + n) are close to unity [14, 16, 17]. In this
framework, the experimental neutron-proton (n-p) ef-
fective interactions elements in '°N, labeled Intigy, (J),
can be extracted from the experimental binding energies
(BE) as in Ref. [18]:
Int3;% (J) = BE("*N); — BE("*Niyee).

In this expression BE('*Ny,..) corresponds to the bind-
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FIG. 2: Schematic view of the valence proton (m) and neutron () orbits involved in the mirror systems §°F7 and *Ng on top
of the $*Og and §*Cs core nuclei. The major difference between these two systems is that the proton 2515 or 1ds5 2 (not shown)

orbits are unbound in ¢°F7. The level schemes of the two mirror nuclei differ significantly, as shown in the bottom part of the

figure.

ing energy of the C+1p+1n system without residual
interaction between the proton and the neutron. In the
case of the J7=0" and 1~ states:

BE(**Ngee) = BE(*C)yy + BE(mlp 2) + BE(12s1 /2)
where

BE(r1py/3) = BE(’N), ,- — BE(*C).

BE(v2s/3) = BE(*°C), 5+ — BE(YC),.
Combining these equations, we obtain:
BE(**Nfree) = BE(°C), p+ + BE(°N), - — BE(*'C)q4

The same method has been also applied to obtain
the J™=27,37 states originating from the n-p coupling
mlpi/2 @ vlds/p. The obtained experimental n-p inter-
action energies Intigy, and Intigy. are given in Table IL
While the effective interactions of the J™=07,1" states
differ by as much as 40% in the mirror systems, the in-
teraction energies of the J™=27,37 states differ only by
10%, despite the fact that the proton 1ds/ orbit is less
bound than the 2s; /5 one by about 1.5 MeV.

Hereafter, we show that these changes of n-p effective
interactions can be explained by the effect of the cou-
pling with continuum which leads both to a change in
the spatial overlap of the neutron and proton wave func-
tions and in the Coulomb electrostatic energy. Since the
n-p effective interaction energies (0.5-2 MeV) are much
smaller than the mean nuclear potential energy (&~ 50
MeV), we use the approximation that proton and neutron
radial wave functions u,(r, J) and wu,(r,J) can be calcu-
lated by neglecting the n-p interaction, and by solving the

TABLE II: Experimental proton-neutron interaction energies,
Intigh and Int75r,, derived for the J™ = 07,17 [1p1/2® 2s1/5]
and J™ = 27,37 [Ip;,2® 1ds,2] states in 6N and 'SF. Cal-

culated interaction energies Int{¢s and Int‘fg;T+C are based
on the interactions derived for °N to which the effects of the
change in wave functions overlaps (over) between mirror nu-
clei and the change in Coulomb (over+C) energy have been

added (see text for details).

State (J) Intigh Intfss Int‘fg;f+0 Intigh,
0~ -1.151 -0.943 -0.775 -0.775
1~ -0.874 -0.716 -0.581 -0.577
2- -2.011 -2.031 -1.842 -1.829
3” -1.713 -1.730 -1.574 -1.523

Schrédinger equation in Woods-Saxon nuclear potentials
whose depths have been adjusted to reproduce the ob-
served neutron or proton binding energies for the states
in N and 'SF. Results as shown Fig. 3. Wave func-
tions are quasi-identical between °F (full lines) and N
(dashed lines) except for the 25, /5 wave functions. Using
a schematic zero-range v?}" =ay0 (rp—rn) interaction, the
n-p interaction Int°v*"(J) is [22]:

It (1) = 3 [ gt D P (1)

47 r2

where a; contains the strength of the n-p nuclear interac-
tion. As the zero-range delta function is only a crude ap-
proximation of the nuclear force, the a; coefficients have
been adjusted to equate the calculated and experimental
(Intieh (J)) interaction energies in '°N. By virtue of the
charge symmetry of nuclear forces, the same a; coeffi-
cients should be used to calculate the interaction energies
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FIG. 3: (colors online) Calculated 1py /2, 1d5/o and 2s, 5 sin-
gle particle radial wave functions u,(r) and u,(r) (see text)
for N (dashed lines) and '°F (full lines). For the scattering
states, the unbound proton wave function in the region be-
tween r=0 and r=16 fm is renormalized to 1 in order to have
the proton inside the nucleus before it decays. The 2s;,,
wave function of the unbound proton in *°F is more spatially
spread than it is for the bound neutron in N, contrary to the
1d5/2 unbound proton wave function that is retained inside
the nucleus by the centrifugal barrier.

Int¥er(J) in '°F. Comparison between experimental and
calculated interaction energies given in Table II deserve
several important remarks. Firstly, the Int?¢7"(2,3) val-
ues are similar to those in the mirror system Int7gx (2,3).
This can be explained by the fact that the unbound pro-
ton and bound neutron 1ds,, wave functions are similar
in the mirror systems (see Fig. 3). This is due to the
high ¢=2 centrifugal barrier of ~ 3 MeV and Coulomb
barrier of ~ 3 MeV that prevent the unbound proton
in !F to couple strongly with the continuum. This is
also confirmed with the very narrow measured widths of
5 keV and 15 keV of the 27 and 37 states. Secondly,
the calculated Int¢¢e(0,1) values, built on the 2s; 12 ®
1p1/2 coupling, are intermediate between the experimen-
tal values of '®N and '°F. As (=0 protons (from 2s;5)
in 'F do not encounter any centrifugal barrier, their ra-
dial wave function is more extended, as shown in Fig. 3.
Consequently the overlap between the wave functions of
the 25/, unbound proton and the deeply bound 1p; o

over

neutron is reduced. Thirdly, as the Int¢¢e" (J) values dif-
fer from the experimental Intig (J) values, an additional
effect is required to understand the differences.

While the change in Coulomb energy between two iso-
topes can be usually neglected for bound states, the ap-
parent radial extension of the wave function of an un-
bound state can be larger than that of a bound state,
leading to a change in Coulomb electrostatic energy
E.(J). In the case of SF, the interaction energy should
therefore be rewritten for each state J. As for the J=0,1
states it writes:

Iegye O (3) = Int%g (7) + Eo("F(J)) — Ee(""F), o0

Coulomb energies are determined by using the following
relation between the charge distribution p(r) of the core
140 nucleus with Z..,..=8 and a single proton in the 2512
or 1ds /5 orbit having radial wave functions w,(r, J):

By = Jooe [T AT g

47eg T

To give an example, it is found that E.(1°F(07)) —
E.(*F)1/9+ = 168 keV. By applying this Coulomb
energy correction as well as the one due to the change
in wave functions overlaps between mirror nuclei, it is
found that the calculated Int?é’;“rc (J) and experimental
Intsh(J) interaction energies are very similar, as shown
in Table II. This suggests that differences in the proton-
neutron interaction energies between the two mirror nu-
clei are very well accounted for by these two combined
effects, the amplitude of which sensitively depends on the
energy and angular momentum of the states under study.

Our results agree very well with those obtained by
Ogawa et al. [7] where the mirror system °F-1N was
studied using different model which is based on one par-
ticle plus one hole on top of the 60 inert core, the resid-
ual interaction being calculated with the M3Y interac-
tion and single-particle wave functions obtained under
the Woods-Saxon plus Coulomb potential. Compared to
this work, our model is even simpler and explains per-
fectly the observed differences between the two mirror
nuclei. This good agreement and the simplicity of our
model makes this system a particularly interesting text-
book case for understanding the effect coupling to con-
tinuum on effective nuclear forces and subsequent shell
reordering.

As a warning, we would like to add that in our sim-
plified approach, the effects of nuclear correlations to de-
rive the effective nuclear forces in the A=16 mirror nuclei
have been neglected. We consider that this assumption
is reasonable due to the fact that correlations should be
at the first order similar in the two mirror nuclei. We
expect that the implementation of nuclear correlations
will slightly change the intensity of the derived effective
interactions, but this change would be similar in the two
mirror nuclei. The role of correlations certainly deserves
a dedicated treatment that goes beyond the scope of the
present work.

V. CONCLUSION

The 1/2%, 5/27 and 07,17,27 resonant states were
studied in the 5F and 'SF nuclei, respectively, with un-
precedented energy accuracy and resolution by means of
proton elastic scattering reactions in inverse kinematics.
Experimental energies were used to deduce that the ef-
fective proton-neutron interactions between the mirror
nuclei differ by as much as 40% for the J*=07,1" states
and by only 10% for the J™=27,3" states, although the
latter states lie at higher energy in the continuum. We



demonstrate that these features are well explained by the
effect of the presence of the proton wave functions in the
continuum that reduces proton and neutron radial over-
laps and induces significant changes in Coulomb energy.
This mirror system is ideal to test models in which the
role of the continuum is or will be implemented, such as
in ab initio no-core shell model [23], coupled cluster ap-
proach [24], or shell model approaches [1, 25]. A correct
treatment of continuum is required for predicting the lo-
cation of drip-lines, modeling weakly bound nuclei such
as halo nuclei and predicting resonant states of astrophys-
ical importance for X-ray bursters and for the r-process
nucleosynthesis.
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