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The sequential two-proton decay of the second excited state in '"Ne, produced by inelastic excitation at
intermediate energy, is studied. This state is found to be highly spin aligned, providing another example of
a recently discovered alignment mechanism. The fortuitous condition that the second decay step is slightly
more energetic than the first, permits the lifetime of the one-proton daughter, the ground state of '°F, to be
determined from the magnitude of the final-state interactions between the protons. This new method gave a result
[I" = 20.6(57) keV] consistent with that obtained by directly measuring the width of the state [I" = 21.3(51) keV].
This width allows one to determine the continuum coupling constant in this mass region. Real-energy continuum-
shell-model studies yield a satisfactory description of both spectra and widths of low-energy resonances in '°F
and suggest an unusual large ratio of proton-proton to proton-neutron continuum couplings in the vicinity of the

proton drip line.
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I. INTRODUCTION

Studies of exotic nuclei close to drip lines are at the forefront
of research in modern nuclear physics. These nuclei exhibit
unusual features which have to be comprehended in a broader
theoretical framework provided by an open-quantum-system
approach. The foundation of nuclear-structure theory was
provided by the interacting shell model (SM) [1,2] which in
its traditional form describes a nucleus as a closed quantum
system where nucleons, in localized single-particle orbits, are
isolated from the environment of the scattering states and decay
channels. This unfortunate separation between the discrete
states and the continuum hindered a deeper understanding
of nuclear properties. This is particularly obvious in exotic
nuclei where reaction thresholds appear at low energies, and
the impact of resonances and the nonresonant scattering con-
tinuum on nuclear properties is crucial. In this case, a unified
theoretical framework which allows for a symmetric treatment
of single-particle bound and scattering states in the many-body
wave function becomes unavoidable. The attempts to reconcile
the SM with nuclear reactions have given a push for the
formulation of the real-energy continuum shell model (CSM)
in a Hilbert space [3-6]. The alternative rigged-Hilbert-space-
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based description of many-body scattering states, resonances,
and bound states has led to the development of complex-energy
CSM, the so-called Gamow shell model [7-9].

Progress in the SM description of atomic nuclei has been
achieved thanks to the understanding of basic properties of the
nucleon-nucleon interaction and long-term efforts to develop
effective interactions in different valence spaces. In this quest,
light nuclei have traditionally been the testing ground of the
SM, providing precise data on energy levels, electromagnetic
transitions, nuclear moments, and various particle decays. With
the progress in radioactive-beam experiments and the devel-
opment of new theoretical approaches to reliably calculate
properties of exotic nuclei with low-energy reaction thresholds,
light nuclei still remain the favorite laboratory for testing
nuclear interactions and many-body approaches.

The challenge for theory is to develop effective interactions
in the extended space of configurations involving discrete
states, resonances, and the scattering continuum. In the recent
version of the real-energy CSM, the shell model embedded
in the continuum (SMEC) [5,6,10], which is employed in this
work, the Hamiltonian is split into the monopole-based SM
interaction in the subspace of localized single-particle states,
and the Wigner-Bartlett interaction which couples nucleons
in discrete and continuum states. The coupling strength and
the spin-isospin exchange parameter of the Wigner-Bartlett
interaction have to be determined by comparing SMEC results
with the data concerning either the properties of resonances or
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FIG. 1. (a) Comparison of the ordering of the low-lying levels
in the mirror nuclei '’F and '®N and their respective nucleon-decay
thresholds. (b) Compilation of low-lying states in '’Ne, '°F, and >0
used to illustrate the sequential 2p decay of the second excited state
of "Ne.

the reaction observables. In this context, the spectroscopy of
I6F is of considerable interest due to the rearrangement of low-
lying levels as compared to its mirror !N [Fig. 1(a)]. Due to
their strong 15y, proton character, the J* = 0] and 1] states,
the second and third excited states in '°N, become the ground
and first excited states in '°F. In this work, we will consider
the changed ordering of levels in '°N and '°F, and describe the
decay width of low-lying resonances in '°F in the SMEC. The
experimental width of these resonances allows one to extract
the coupling strength and the spin-isospin exchange parameter
of the Wigner-Bartlett continuum-coupling interaction in a
nucleus beyond the proton drip line, at the interface between p
and sd shells. In this analysis we shall use precise information
on the ground-state width of '°F, which is determined in this
work using a novel technique based on the sequential two-
proton decay of an excited state in '’Ne. We will also highlight
the theoretical issue of the continuum coupling between like
and unlike nucleons in the neighborhood of the drip line.
Recent studies have shown that light a-cluster nuclei (*7Li
and "Be) inelastically excited in intermediate-energy collisions
can have a very strong spin-alignment [11,12]. Such spin
alignments may be useful for measuring g factors of isomeric
states. Hoff er al. [12] suggested an alignment mechanism
for when the target nucleus is not excited which is quite
general and independent of the structure of these light nuclei.
To the extent that the spin-orbit and spin-spin interactions

contribute little to the alignment, the increased spin of the
projectile must be compensated by a change in the reaction
orbital angular momentum L. From considerations of classical
peripheral trajectories, one can find a matching energy where
the dissipated kinetic energy required to promote the projectile
to its excited state causes a reduction in the magnitude of L
by the amount needed to increase the spin of the projectile
to its excited-state value. Below this matching energy, the
increased spin of the projectile comes from a reduction in
the magnitude of L, and hence the final spin vector should
be aligned close to the direction of L, i.e., perpendicular
to the beam axis. On the other hand, for energies well above the
matching energy, these classical trajectories indicate that the
change in the magnitude of L is much less than unity, and thus,
in the quantum world, one expects a large probability that the
magnitude of L is constant. Thus in order to conserve angular
momentum, the orientation of L must undergo a small tilt, and
thus the alignment of the excited state is perpendicular to L.
To test the generality of these ideas, it is important to observe
such alignments for heavier non-«-cluster nuclei.

Two-proton emitters are a subject of great interest [13,14].
The simplest type of two-proton emission is sequential decay
where the emission of the first proton leaves the system
in a long-lived intermediate state, which subsequently emits
another proton. If this second proton has higher energy than
the first, then it can catch up to this proton and then the two
protons can interact via their repulsive Coulomb interaction.
Suchinteractions can suppress events with small relative angles
between the protons, giving sensitivity to the lifetime of the
intermediate state. This is similar to studies of hot nuclear
systems where small-angle correlations between particles were
used to infer the space-time extent of their source [15-17].

All of these phenomena can be studied using the inelastic
excitation of !’ Ne projectiles to their second excited state. This
excitation involves no change in parity and increases the spin
by two units [Fig. 1(b)], similar to the ®’Li and "Be studies,
and so should be a good test of the generality of the alignment
mechanism. This state has been shown to undergo sequential
two-proton decay through the 16Fg'5. resonance by Brown et al.
[18]. In this paper we extend the analysis of the data from
Brown et al., focusing on the alignment of the excited-state
spin vector and the lifetime of '°F, ;.

II. EXPERIMENTAL METHODS

The experiment was performed at the Coupled Cyclotron
Facility at the National Superconducting Cyclotron Laboratory
at Michigan State University. Details have been published
elsewhere [18-20]. Briefly, a mixed !"Ne (E/A = 62.9 MeV,
11%, 1.6 x 10* pps) and 30 (E/A = 52.1 MeV, 89%) sec-
ondary beam was produced from a primary '°0 beam (E/A =
150 MeV, 175 p nA). This secondary beam impinged on a
1-mm-thick °Be target, and charged particles produced in the
subsequent reactions were detected in the High Resolution
Array (HiRA) [21] whose fourteen E-AE telescopes were
arranged around the beam axis and subtended polar angles
from 2° to 13.9°.

The CsI(T1) E detectors in each telescope were calibrated
using beams of £/A = 55 and 75 MeV protonsand E/A = 73

054318-2



SPIN ALIGNMENT FOLLOWING INELASTIC SCATTERING ...

PHYSICAL REVIEW C 97, 054318 (2018)

4000

!
(@)
3000

All

2000

Counts

1000

rans(x2)
]

1.4 1.6

1.8 2 2.2
E [MeV]

2000

1500

1000

Counts

500

0 0.2 04 0.6 0.8 1
Ecore'p [MeV]

FIG. 2. (a) ""Ne excitation-energy spectra reconstructed from
detected 2p + 'O events. Circles represent contributions from all
50 center-of-mass emission angles (5™) while squares are for
transverse emissions (| cos G]CS'M'| < 0.4). (b) p-"0 invariant-mass
spectra for events from the decay of the !”Ne second excited state. The
circular data points were obtained from both emitted protons in each
event, while the squares are for those protons identified as resulting
from the decay of IGF“, where the p-130 decay axis is transverse to
the beam axis. All solid curves are fits to the corresponding data. The
dashed and dotted curves show the simulated decomposition of the
first spectrum into its contributions from the first and second emitted
protons, respectively.

and 93 MeV '*0. The '*O calibration was used for 'O frag-
ments with a small modification determined from elastically
scattered '°O beam particles that were detected in the most
forward angle telescopes. The relative locations of the target
and each HiRA telescope were determined accurately using a
coordinate measurement machine.

III. EXPERIMENTAL RESULTS

The detected '"Ne* — 2p + 30O events were produced
only from the '"Ne component of the beam as verified from
their reconstructed center-of-mass velocities, which were sim-
ilar to the higher !"Ne beam velocity. The excitation-energy
spectrum of '"Ne fragments obtained from 2p + 3O events
is described in [20]. Figure 2(a) shows this spectrum (circles)
only in the vicinity of the peak associated with the second
excited state. The equivalent spectrum for events where the
150 fragment is emitted transversely from the '’Ne* parent is
shown by the squares. This gives improved E* resolution, as

the uncertainty of the '>O velocity, due to its large energy loss
in the thick target, acts only in second order.

The intrinsic width of this state is expected to be very small
(0.23 eV [22]) and thus the observed widths of the spectra in
Fig. 2(a) represent the experimental resolution. An accurate
determination of this resolution is important for extracting the
width of the '°F intermediate state. The curves in Fig. 2 are
the results of Monte Carlo simulations of sequential decay,
incorporating the experimental acceptance and resolution of
the detectors [18]. The energy resolution [from energy loss
in the target and CsI(Tl) resolution] and angular resolution
(from multiple scattering in the target) incorporated in these
simulations have been fine tuned to best reproduce the mea-
sured spectra. The fitted centroid has an excitation energy of
1.745(7) MeV and a total decay energy of E; = 0.812(7) MeV.

The invariant-mass distribution for each p-'30 pair in
2p + 150 events associated with the second excited state is
plotted in Fig. 2(b) by the circular data points. As shown in
Ref. [18], the higher-energy peak corresponds to the decay of
the ground state of '°F. We identify the first (second) decays,
E, (E,), with the lower (higher) energy proton. The same
proton selection was applied to our simulated events and was
found to lead to only an 11% level of misidentification. This
can also be gauged from the overlap of the dotted and dashed
curves in Fig. 2(b) that show the true decomposition of the fitted
p-130 invariant-mass spectrum into its contributions from each
proton. To be consistent, we have kept these misidentified
events when calculating the angular dependencies of the
simulated efficiencies for detecting each proton; they are used
to correct the corresponding experimental distributions.

With the identification of the two protons, the invariant-
mass spectra of '°F can be reconstructed. The spectrum
indicated by the square data points in Fig. 2(b) show this
distribution for events where the p-'>0 decay axis is transverse
to the beam axis (improved resolution). In the R-matrix
theory of sequential decay [23], the distribution of the decay
energy E, of the intermediate '°F state is the product of a
barrier penetration factor for the emission of the first proton
(E; = Er — E», £ = 2) and the profile function of the '°F, ;.
resonance that is defined by its resonance energy E, and its
reduced decay width y2. These quantities were obtained by
fitting both distributions in Fig. 2(b) with our simulations. The
fitted resonance energy is E, = 527(7) keV, consistent with
the AME2016 tabulation [24] of 535.6(83) ke V. For a channel
radius of a = 4.85 fm, we obtain y2 = 2.05(57) MeV, giving
a FWHM of the profile function of I' = 21.3(51) keV and
E, = Er — E, =0.285(7) MeV.

A. Alignment

The angular distributions of the first and second protons
relative to the beam axis in their respective center-of-mass
systems (6, and 6,,) are shown in Figs. 3(b) and 3(c).
These distributions have been corrected for the experimental
efficiency as determined from our simulations. The angular
distribution for the second proton is isotropic (flat), consistent
with the expectation for decay from the 16Fg.s_(J T =07).The
direction of the orbital angular momentum vector of the first
proton must show strong alignment along the beam axis as it
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FIG. 3. (a) Excitation-energy distribution of the target nucleus
for events which lead to the second excited state of '"Ne. Data
points are experimental values while the dashed curve is from our
simulations with no target excitation. The gate used to select ground-
state target events is indicated. (b) and (c) give the efficiency-corrected
angular distributions of the first and second emitted protons relative
to the beam axis. The solid curve in (a) shows a fit with a sum of
squared associated Legendre polynomials (¢ = 2) with the individual
components indicated by the dashed curves labeled with their m value.
The data in (b) are consistent with a flat distribution (horizontal line).

has a prominent peak at cos(6,,,) = 0. Such an alignment has
been observed in the inelastic scattering of °Li, 'Li, and "Be
projectiles [11,12] when the target nucleus remains in it ground
state. The excitation-energy distribution of the target nucleus
determined using two-body kinematics with the deduced '’ Ne*
momentum is shown in Fig. 3(a). There is a large peak at
Efoec = 0 whose width is consistent with the experimental
resolution, as indicated by the dashed curve. Most of the yield
is associated with this target “ground-state” peak and, to allow
comparisons with the other alignment studies, the distribution
in Fig. 3(b) has been gated on this peak.

To extract the magnetic-substate probability p(m) of the
decay orbital angular momentum, the angular distribution in
Fig. 3(b) was fit with a sum of squared associated Legendre
polynomials for £ = 2. The fitted and individual components
are indicated by the curves in Fig. 3(b). This probability
distribution is shown by the circular data points in Fig. 4, where
the expected symmetry p®(—m) = p*(m)[11]is enforced. The
magnetic substate distribution p”’(m) of the spin vector J of

0.4

03

FIG. 4. Magnetic substate probability distributions extracted
from the data. Circles correspond to the orbital angular momentum
(€) of the first emitted proton while the squares represent the spin (J)
of the "Ne* fragment. Error bars are smaller than the data points.

the '"Ne excited state can be determined from this distribution
in a manner similar to that in [11], where the two substate
distributions are related via Clebsch-Gordan coefficients, i.e.,

‘ 1155\
m°(2) = <222,2,‘22> (5/2)
1153\,
—|—<2,2,§,—— E §> (3/2)

ey

By solving these equations, we obtain the m’ distribution
plotted in Fig. 4 as the square data points. The |m| = J values,
corresponding classically to the spin vectors pointing parallel
and antiparallel to the beam axis, are strongly populated, as was
found for the excitation of the cluster nuclei °Li, Li, and "Be
at similar values of E/A [11,12]. The extent of the alignment
can be characterized by the scaler

%1—NJ+UJ
A=) —F o= (m), )

m

with A = 1 (—1) corresponding to the largest alignment along
(transverse to) the quantization axis. The alignment of the
7Ne* spin vector is A = 0.51(1) which is strikingly similar to
the values of 0.51(1), 0.49(1), and 0.49(1) obtained with the
®Li, "Li, and "Be projectiles, respectively. Our result demon-
strates that this alignment mechanism is not just confined
to lighter, a-cluster nuclei and supports the argument that
large longitudinal alignments result from angular-momentum-—
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FIG. 5. Efficiency-corrected distribution of the relative angle 6,
between the emission directions of the two protons in their respective
center-of-mass frames. The full distribution is shown in the inset,
while the main figure highlights the region of smaller relative angles.
The curves are calculations incorporating final-state interactions
between the two protons. These curves in the main figure are labeled
by the width I' of the 16FgAS, resonance in keV. The solid curve in the
inset is the best fit I' = 23.3 keV, while the fitted primary distribution
before the inclusion of final-state interactions is shown as the dotted
curve.

excitation-energy mismatch conditions, occurring above a
threshold bombarding energy, a mechanism that is independent
of the scattering potential and the nature of the excitation [12].

B. p-p final-state interactions

As the second proton has a larger kinetic energy than the
first, if the two protons are emitted in the same direction, the
second proton can catch up to the first. Using F(léFg_S,) =
20 keV and assuming the second proton is emitted at one half-
life, then the two protons will be ~700 fm away from the O
core when they are in close proximity. Noticeable defections
of the proton trajectories will occur if they come within a few
hundred fm of each other, as their relative energy is only 17
keV (classical distance of closest approach is 85 fm). With this
low relative energy, and large distances of action, the target’s
tidal Coulomb field and the short-ranged p- p spin-singlet force
are negligible.

The efficiency-corrected 6,,, distribution is plotted in Fig. 5.
The full distribution is shown in the inset while the region of
smaller angles is shown in the main figure. This distribution is
largely isotropic, as expected given that the second proton is
initially emitted isotropically. However, for6,,, < 25° thereisa
suppression of the yield which can be attributed to these
“catch-up” events. Surprisingly, at 30° < 6,, < 60° there is
also a small enhancement (~10%) of events relative to those
at larger 0,,. With the final-state interactions moving events
from small relative angles to intermediate values, one might
expect to see an enhancement at these intermediate angles.
Indeed one does observe such an effect in the predicted primary
0,, distributions after final-state interactions are included in
our simulations. However, when the experimental resolution is

added, this enhancement is completely washed out. Therefore
we conclude that this enhancement in the data does not
originate from the final-state interactions. Rather, it appears
that the second proton retains a memory of the emission
direction of the first proton. Probably we are observing a
much milder version of the decay correlations found for the
first excited state (J™ = 2[) state in '°Ne where the energies
of the protons are consistent with sequential decay, but the
0, distribution is strongly enhanced for small relative angles
[20]. Further experimental and theoretical efforts are needed
to better understand this effect.

However, in order to extract a lifetime, one must know
the primary 6, distribution before the effect of the final-state
interactions. We have assumed that this enhancement increases
monotonically as6,, — 0° and have taken the smooth function

b1— exp cos 6,,—1
W(cos0,,) =a— = (cos€d 71), 3)
2 14exp (=2=)

with three parameters (a,b,c) to model it. This function
changes from a flat distribution at cosé,, ~ —1 to a linear
increase at cosfl,, ~ 1 which was able to reproduce the
16Ne( J' = ZT) data. The parameters a, b, ¢, can be determined
from fitting the experimental distribution for 6, > 45°, where
the final-state interactions are minimal. We then use the
extrapolated functional form to determine the magnitude of
the final-state suppression at smaller angles.

For the final-state interaction, as both protons are far from
the target nucleus when they interact, we randomly choose
asymptotic classical proton-core trajectories with exit param-
eters (equivalent to impact parameters for entrance channels)
consistent with the decay orbital angular momentum. Subse-
quently, the p-p hyperbolic orbits are calculated analytically.
The details of these initial p-core trajectories were found to
have little influence on the final result.

Fits with constrained values of I' are shown in the main
figure, while the best fit and the fitted primary distribution are
shown in the inset by the solid and dashed curves, respectively.
The fitted width is 23.3(30) keV, but it is dependent on
the assumed parametrization of the primary distribution. To
gauge the magnitude of this dependence, we have assumed an
alternative primary distribution that becomes flat for cos 8,,, >
0.6. The fitted width now drops to I' = 17.4(25) keV. Using
the difference of these two results to estimate the systematic
error, we obtain I' = 20.6(57) keV, which is very similar in
mean and uncertainty with the value of I' = 21.3(51) keV
obtained from fitting the invariant-mass peaks in Fig. 2(b).
With the uncertainty in the shape of the primary distribution,
our second method of extracting the width offers no advantages
or disadvantages over measuring the widths directly. But in
this case, these two independent methods provided identical
values, giving us great confidence in this result. Previous
measurements of this quantity are consistent with our results

[Fig. 6(a)].
IV. CONTINUUM SHELL MODEL CALCULATIONS

Weakly bound or unbound nuclei in the vicinity of drip lines
provide great challenges for nuclear theory due to the impact
of coupling to both the scattering continuum and the decay
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FIG. 6. Measured widths of J™ =0, 17,2, and 3| resonances
in 'SF are compared with SMEC results. For the 1, and 37 states,
predictions for both V,,/V,, = 0.46 and 4 are shown. The x axis
references refers to previous experimental studies in time order of
publication. The references are (1) Zafiratos et al. [30], (2) Otsubo
et al. [31], (3) Lee et al. [32], (4) Fujita e/ al. [33], (5) Stefan et al.
[34], and (6) this study. The lead authors of these studies are also
identified in panel (a).

channels. The microscopic structure of many-body resonances
can be considered in the SMEC [6,10,25-27], which is the
recent realization of the open-quantum-system formulation of
the shell model [10,28]. The advantage of SMEC is that it
allows one to also calculate reaction observables and, as such,
provides a unified approach to nuclear structure and reactions.
Here we wish to investigate if the widths for J* =07, 1,2,
and 3| resonances reported in a number of recent experiments
can be explained by the SMEC calculation.

In the SMEC, the Hilbert space is divided into two
orthogonal subspaces Qp and Q; containing 0 and 1
particles in the scattering continuum, respectively. An
open-quantum-system description of the Oy space includes
couplings to the environment of the decay channels through the
energy-dependent effective Hamiltonian: H(E) = Hg,q, +
Wo,0,(E). Here Hg,g, is the standard SM Hamiltonian,
Wo,0,(E) = Hg,o, Gg)(E)HQIQO is the energy-dependent

continuum-coupling term, E is a scattering energy, GS])( E)

is the one-nucleon Green’s function, and Hy, o,, Hp, o, are
the coupling terms between Qg and Q;. The zero of the energy
scale is fixed at the lowest one-nucleon emission threshold. The
one-nucleon decay channels are defined by the coupling of one
nucleon in the continuum of nucleus A to SM eigenstates of an
(A — 1) nucleus. The eigenvalues of the effective Hamiltonian
H(E) are real at energies below all decay thresholds and
complex above the lowest decay threshold.

The eigenstates |W;) of H(E) are the linear combinations
of SM states |y;), generated by the orthogonal transformation
matrix [b;;(E)]. Squared matrix elements bz.l.(E ) are weights
of the SM eigenstate [;) in the SMEC eigenstate |W;) at an
energy E. The energies E/) and widths I'/) of the resonance
states are found by solving the fixed-point equations

EUD — E(j)(E — E(j))

and
Yo — f*(j)(E — E(j)),

where EV(E) = EV(E) — i % are the (complex) eigen-
values of the effective Hamiltonian H(E). The contin-
uum induced mixing of SM states is particularly strong if
avoided crossings appear in the spectrum of SMEC eigen-
states [10,26,27]. This mixing effect can be studied us-
ing the continuum-coupling correlation energy Eéf)ﬂr(E) =
(V;|Wo,0,(E)|Y;) in the SMEC eigenstate W;. Above the
particle-emission threshold (E > 0), the expectation value of
the continuum coupling term Wg,o,(E) is complex, hence
EUR(E) = Re[(¥;|Wg,0,(E)|W;)]. Tt has been shown in
Refs. [21,22] that the mixing of SM states is strongest at the
minimum of the correlation energy [26,27], i.e., at the centroid
of the opportunity energy window for a formation of the SMEC
eigenstate with strong collectivization of its SM components.
This state carries many features of the nearby decay channel.
The position of the centroid is determined by an interplay
between the competing forces of repulsion (Coulomb and cen-
trifugal interaction) and attraction (the continuum coupling).
Detailed discussions of this near-threshold phenomenon can
be found in Refs. [21,22].

There are two kinds of operators in Wg,g,(E): ngs =

(a};d,;)’( and R%(L)ﬂ = (a; (@,as)")J=. The matrix elements

of O are calculated between the states in the (A — 1)-particle
system and, hence, couple different decay channels. The
operator R acts between different SM wave functions in the
A- and (A — l)-particle systems, i.e., it is responsible for
both the mixing of the SM wave functions in the nucleus A
and the coupling between decay channels. One should stress
that the width of a state is not simply related to the product
of spectroscopic and penetration factors. Due to continuum
couplings by the operator R, one may have both a large width
associated with a small spectroscopic factor, or vice versa.

The Hamiltonian of the SMEC consists of the monopole-
based SM interaction (referred to as WBP— [29]) in the full
psd model space plus the Wigner-Bartlett contact interaction,
Viz = Wla + BPL16(r1 — r2), for the coupling between SM
states and the decay channels. Here PJ, is the spin-exchange
operator and « + 8 = 1. The coupling constants are V,,, =
Vop = Vola — B) and V,,, = V(o + B) between like and un-
like nucleons, respectively. No two-body Coulomb interaction
is included in WBP—. Radial single-particle wave functions
in Qg and the scattering wave functions in Q, are generated
using a Woods-Saxon (WS) potential which includes spin-orbit
and Coulomb parts. The radius and diffuseness parameters
of the WS potential are Ry = 1.27A'/3 fm and a = 0.67 fm,
respectively. The spin-orbit potential is Vso = 6.4 MeV, and
the Coulomb part is calculated for a uniformly charged sphere
of radius Ry. The depth of the central part for protons (neutrons)
is adjusted to yield the energy of the single-particle state
involved in the lowest one-proton (one-neutron) decay channel
equal to the one-proton (one-neutron) separation energy in
the ground state of '°F (°N). The continuum-coupling term
Wg,0,(E) breaks the isospin conservation due to different
radial functions for protons and neutrons, and different proton
and neutron separation energies.
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TABLEI Distance in units of o (I"cy,) between the calculated and
measured widths of the O} resonance for different values of V,,,/V,,
and V,, which reproduce the width of the 1] resonance reported by
Stefan et al. [34].

Vpp/ Vnp 0.46 2 3 4 00
d 3.96 3.21 3.07 2.93 2.63

The WBP— interaction had not been tuned to reproduce the
spectra of '®N and 'SF [Fig. 1(a)]. The experimental ordering
of levels in !N is obtained if the strongly attractive 7' =
0 matrix elements (Opi/21s12; J7 =07 |V|0pijalsi; JT =
07) and (0p1/20ds;2; J™ = 27|V |0p1,20ds;»; J* =27) be-
come less attractive by 500 and 300 keV, respectively, as
compared to their original values in WBP—. This change of the
two matrix elements implies a small modification of WBP—
monopole terms MT=%(0p;,21s1,2) and MT=2(0p;,0ds)2),
which become —2.985 MeV and —3.863 MeV, respectively,
as compared to —3.11 MeV and —3.988 MeV in the original
WBP— interaction [29]. In '°F, in addition to this change of
the 7 = 0 two-body matrix elements, one has to correct the
splitting between Op > and 15y, single-particle levels. This is
achieved by making MT=0(Op1/2 Ls12) = —4.085 MeV, about
1.1 MeV more attractive than in the bound mirror.

The continuum-coupling constant Vy and the parameters
o, B of the Wigner-Bartlett interaction have been adjusted to
reproduce the ground-state width of '°F. This width depends
mainly on Vy and is insensitive to the ratio of V,,/V,,.
It is also insensitive to the modification of the monopoles
MT=2%0p12151/2), MT=°(0p120ds ), and does not depend on
the diffuseness parameter of the WS potential generating the
radial single-particle wave functions in Qy and the scattering
wave functions in Q;.

The width of the 2] resonance also has little sensitivity
to V,,/ Vap. In Fig. 6(c) we show that the predicted width
of this state, using our adjusted value Vj, reproduces the
experimental data, including the results of Lee et al. and Stefan
et al. which have small error bars. Contrary to the 0; and 27
resonances, the widths of the 1, and 3| resonances depend on
the ratio V,,/V,,,. Now in Fig. 6(b), a significant discrepancy
appears between the predicted width of the 1] resonance for
Viop/ Vpn = 0.46 and all but one of the experimental values.
To analyze this discrepancy, we have reproduced the width of
the 1] [34] by adjusting the strength V}, for different values
of the ratio V,,/V,,, and calculated the lo distance, d =
(I'th — Fexp)/0(Texp), between experimental and theoretical
values for the width of the 0] resonance. One can see in Table I
that the width of the 0] resonance becomes consistent with the
width of 1 resonance [34] within 3¢ if the ratio of continuum
coupling strengths V,,/V,,, is close to 4, much larger than
the standard value ~1/2. However, even in the limiting case
Vip/ Vap — 00, d remains significant. But rather than judging
the merits on the calculations based on the small error bar of the
measurement, we note that the upper limit of the calculation
is only 30% below the experimental value in Fig. 6(b). The
strong enhancement of the ratio V,,/V,, suggested by the
analysis of these two independent measurements is related to
the resonance feature of s/, proton single-particle orbits. A

0 T
Vpp/ Vnpz 4
; -10 }
(]
=
Sg ,,,,,,,
oy -20 |
2 e
_30 L L 3
0 1 2 3

E,[MeV]

FIG. 7. The continuum-coupling correlation energy in '°F is
plotted as a function of the proton energy E, for the Oy, 17, 2], and
3] resonances coupled to the elastic channel [*O(1/27) ® 7 ¢;]"".
E, = 0 corresponds to the channel threshold. Open circles show Eq;
forthe 07, 17,27, and 3™ resonances at their calculated energies. For
more details, see the discussion in the text.

somewhat similar tendency has been found before in the studies
of neutron separation energies in weakly bound fluorine iso-
topes [35]. To reproduce the experimental binding systematics
it was necessary to significantly increase the ratio of coupling
constants V,,,/V,, in the proximity of the neutron drip line,
thus reducing the coupling between a proton in a well-bound
orbit and a neutron in the scattering continuum.

The continuum-coupling correlation energy: EY) (E), is
a good indicator of the continuum-coupling induced collec-
tivization as manifested by strong mixing of SM eigenstates
in certain SMEC eigenstates. Figure 7 shows E{) (E) for
JT =07, 17, 27, and 3] as a function of proton energy E,
above the elastic proton-decay threshold. Open circles show
the correlation energies for these states at their calculated
resonance energies. The parameters of the Wigner-Bartlett in-
teractionare V,,/ V,,, =4, Vo = —8.77MeV fm3. Using these
values, one obtains I' = 41.5 £ 11.5 keV for 17, 5.4t}32 keV
for2;,and 6.9 & 1.9keV for 3|, where the uncertainties reflect
the uncertainty of V) constrained from the measured 0, width.
One can see strong collectivization in the resonance doublet
0, and 1, . The calculated position of the 0, resonance is
found at the centroid of the opportunity energy window for
the continuum-coupling induced collectivization in the set of
SM states. The 1] resonance is at the edge of its opportunity
energy window and hence the collectivization of SM states in
this resonance is weaker. The second doublet of resonances,
27 and 37, is unaffected by the coupling to the proton decay
channel [°O(1/27) ® mds )"

Complex energy eigenvalues of the effective Hamiltonian
above the particle-emission threshold depend on the energy
E, of a particle in the continuum. Figure 8 shows the widths
functions for J* =07, 1], 2|, and 3] eigenvalues of the
energy-dependent effective Hamiltonian H(E). Open circles
indicate the value of the resonance width at the calculated
resonance energy. One can see that the energy-dependent
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FIG. 8. The width functions corresponding to 07, 17, 2;, and
3] eigenvalues of the effective Hamiltonian in '°F. Open circles
show the width of 07, 1], 27, and 3] resonances at the resonance
energies which follow from SMEC fixed-point equations. For more
information, see the text.

width functions for 0; and 1] states reach the maximum
at £, ~ 0.9 MeV and decrease at higher proton energies
in the continuum. Even at the maximum, the width of 1
state is smaller than the value reported by Stefan et al. [34].
In contrast, widths functions for 2| and 3] resonances are
growing monotonically in the whole range of considered
proton energies (E, < 3 MeV).

V. CONCLUSIONS

In conclusion, we have observed the sequential two-proton
decay of the J™ = 5/27, second excited state of !”Ne formed
by inelastic scattering of '’Ne beam particles off *Be target
nuclei. When the target nucleus remains in its ground state,
the spin vector of this excited state is highly aligned along the
beam axis, similar to that found for the excitation of lighter
a-cluster nuclei. This result is consistent with the recently
proposed alignment mechanism by Hoff et al. [12], which is
independent of the detailed structure of the projectile and target
and suggests many other examples will be found.

The decay width of 16Fg,s,, the 1p daughter of the '"Ne
excited state, has been measured both from the width of
its invariant-mass distribution and independently from the
magnitude of final-state interactions between the two emitted
protons. Both methods gave similar results: I' = 21.3(51) and
20.6(57) keV, respectively. The decay of low-energy '°F states
has been considered in the SMEC, and the coupling interaction
between the SM states and the scattering continuum has been
constrained from our measured ground-state width. These
studies indicate a strong reduction of the continuum coupling
between the unbound proton and the well-bound neutron in
I6F resonances, possibly due to the mismatch of radial wave
functions for unlike nucleons.

This observation is in qualitative agreement with the
analysis of Stefan er al. [34] who employed an extreme

single-particle perspective and neglected the resonance fea-
tures of '°F. In a simple picture of '°N (!°F) described as a
core of *C (**0) coupled to two neutrons (protons), it was
concluded that the effective proton-neutron interaction in '°F is
strongly reduced and differs between mirror nuclei by as much
as ~40% [34]. The SMEC study gives a much more nuanced
picture of the proton-neutron interaction in these mirror nuclei.
Experimental energies of the 07, 17, 2], and 3] levels in '°N
are well reproduced with only a slight adjustment of the T =
0 matrix elements (Op;/z1s1/2; J7 = 07|V|0pi2lsiy2; JT =
07) and <Op1/20d5/2; JT = 2_|V|0p1/20d5/2; JT =27)of the
WBP— interaction [29]. However, to obtain the correct spec-
trum in '°F, the MTZO(Opl/zlsl/z) monopole in Hg, g, should
be significantly more attractive. These monopole modifications
have no significant affect on the lifetimes of the 0, 1,
27, and 3] resonances. The predicted decay widths for the
J7 =2, and 3| excited states are consistent with previous
measurements, while the results for the J* = 17 first-excited
state are smaller than recent measurements. The ground-state
width of 'SF determines the overall strength of the Hy, o,
Hg, o, coupling between SM states (in Qp) and the one-
nucleon decay channels (in Q1) but is insensitive to the ratio of
proton-proton V,,, and proton-neutron V,, coupling constants.
This ratio is constrained by the width of the 1| resonance,
which suggests a significant reduction of the coupling between
a proton in the continuum and a neutron in the well-bound
single-particle state, hence the strong increase of the ratio
Vup/ Vpn from its value found for nuclei near the valley of sta-
bility. This strong reduction of the continuum coupling matrix
elements for unlike nucleons was also suggested in the analysis
of the neutron separation energies in neutron-rich fluorine
isotopes [35].

The correct treatment of the continuum is mandatory to
understand the evolution of an effective nucleon-nucleon in-
teraction from the valley of stability to the nucleon drip lines. In
this task, light mirror nuclei provide an ideal laboratory to test
the sensitivity of an effective interaction to different conditions
of binding and to determine the coupling between nucleons in
localized and continuum many-body states. However, further
systematic experimental and theoretical efforts are needed to
obtain a reliable effective interaction for the open-quantum-
system description of exotic properties of nuclei in different
mass regions.
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