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The structure of the unbound F nucleus is investigated using the inverse kinematics resonant scattering
of a radioactive '*O beam impinging on a CH, target. The analysis of 'H(**0, p) '*O and 'H(**0, 2p) °N
reactions allowed the confirmation of the previously observed narrow 1/2~ resonance, near the two-proton decay
threshold, and the identification of two new narrow 5/2~ and 3/2~ resonances. The newly observed levels decay
by 1p emission to the ground of '“Q, and by sequential 2p emission to the ground state of '*N via the 1~
resonance of '*Q. Gamow shell model (GSM) analysis of the experimental data suggests that the wave functions
of the 5/2~ and 3/2~ resonances may be collectivized by the continuum coupling to nearby 2p- and 1p-decay
channels. The observed excitation function 'H(**O, p) '*O and resonance spectrum in °F are well reproduced in

the unified framework of the GSM.

DOI: 10.1103/PhysRevC.105.L051301

Introduction. The nucleus is an open quantum system
(0QS) where virtual excitations to continuum states provide
an essential mechanism of the effective interaction [1,2]. Well-
known manifestations of nuclear openness are segregation of
decay time scales [3,4], modification of the effective interac-
tions [1], multichannel effects in reaction cross sections and
shell occupancies [5,6], or near-threshold clustering and cor-
relations [7,8], etc. The latter phenomenon is generic in OQSs
and stems from properties of the scattering matrix in a mul-
tichannel system [9]. The coupling of different shell model
(SM) eigenstates with the same quantum numbers (angular
momentum and parity) to the same decay channel induces a
mixing among them, reflecting the nature of the decay channel
[7,8]. Such configuration mixing can radically change the
structure of near-threshold states.

Resonance spectroscopy of nuclei located far from the
valley of stability and close, or beyond, the neutron and proton
driplines, is the basic experimental tool to study coupling of
discrete states with a scattering continuum. In unbound nuclei,
the extreme coupling with the continuum often results in very
broad resonances. Among these broad states, one might find
narrow resonances [10-12], which are the principal source of
information about the spectroscopic properties and clusteriza-
tion of unbound nuclei.

Employing the multichannel algebraic scattering method,
three unusually narrow resonances in the unbound >F were
previously predicted [13] and the elastic scattering cross sec-
tions of the reaction 'H (**Q, p) '*O calculated [13,14]. The
prediction of these resonances was partially confirmed by
the experimental observation of a narrow [I" = 36(19) keV]
resonance located only 129 keV above the 2p-decay threshold
[15].

In the present work we report, for the first time, the clear
observation of two new narrow resonances in ">F more than
3 MeV above the Coulomb barrier, by the resonant elastic
['"H(**0, p) '*0] and inelastic scattering ['H('*O, 2p) *N] re-
actions. The spectroscopic properties of these resonances have
been determined from a phenomenological R-matrix analysis
of the excitation functions of these reactions.

Experimental method. The experimental results have been
obtained from a campaign of two measurements performed
at GANIL using '*O radioactive beam delivered by the SPI-
RALLI facility. The unbound nucleus '>F was studied through

the measurement of the 'H('*0, p) 'O and 'H('*0, 2p) >N
reactions. Both measurements used the thick-target technique
[15]. The first measurement used a 7.64(1) MeV/u beam
of %O impinging a 107(11) um-thick CH, target while the
second experiment used a 7.42(1) MeV /u *O beam imping-
ing on a 92(9) um-thick CH, target. A 75(8) wm-thick 2c
target was used to determine and subtract the carbon-induced
background. A low-pressure multiwire detector, CATS [16],
located upstream of the target was used in both experiments
to monitor the beam intensity (~ 3x 103 pps).

The '"H('*0, p) '*O excitation function has been obtained
in the first experiment [17] from a MUST2 detector [18]
responsible for the particle identification and the measurement
of the total energy and angle of the protons. This telescope was
composed of two stages: a square 300 um-thick DSSD with
128x 128 strips, and a 4x4 Csl crystals array and covered
angles between 0° and 5° relative to the beam direction. A
57(5) um Ta foil acted as a beam stopper completely stopping
beamlike particles from entering the detector, while having a
minimal effect on the elastically scattered protons.

The 'H(™*O, 2p) 13N excitation function has been mea-
sured in the second experiment [19]. This experiment used for
the first time the recently commissioned, state-of-the-art de-
tection system composed of the MUGAST array [20], which
includes four MUST?2 detectors, the VAMOS magnetic spec-
trometer [21], and the HPGe y -ray spectrometer AGATA [22].
This detection system allowed the exclusive measurement of
the reaction. Particle identification, total energy, and angle of
the two protons have been obtained using MUST?2 telescopes
covering angles between 8 and 50 degrees in the laboratory
relative to beam direction. For beamlike residues, such as >N,
their total energy, angle, and identification have been obtained
using VAMOS with an acceptance up to 4.6 degrees relative
to the beam direction, in coincidence with the events presents
in MUGAST and AGATA detection systems. The y-rays from
the decay of unbound states were detected by AGATA but they
are not discussed in this Letter.

Experimental results. The measured excitation functions
for 'H(**0, p) '*0 and "H('*0, 2p) 1*N reactions are shown
in Fig. 1 and the determined properties of the resonances are
summarized in Table I. The analysis of the two excitation
functions has been performed using R-matrix formalism [23]
implemented into the AZURE2 code [24] (radius parameter
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FIG. 1. Differential cross section of the 'H('*O, p) '*O reaction measured in the present study (full red dots) and in Ref. [15] (empty blue
squares) and total cross section of the 'H('*O, 2p) '*N reaction (empty green circles), both as a function of the reconstructed resonance energy
E, in the p + 'O system. For the latter, the contribution of the 5/2~, 3/2~ states and higher-energy resonances extracted from the R-matrix
fit are shown in filled blue, red, and green, respectively. The best R-matrix simultaneous fit of the two reaction channels constrained only by
the g.s. properties extracted from Ref. [15] is shown as a continuous black line. The blue dashed line corresponds to the result of the GSMCC

calculation (see text for details).

a = 5.1 fm). The center-of-mass energy resolution considered
for the resonant elastic and inelastic excitation function (see
Fig. 1) are, respectively: o(E,) = 50(5) keV and o (E,) =
300(20) keV. The experimental spectroscopic factors were
deduced from the measured partial width I'(E') and the single-
particle width I'y,(E) (calculated with the DWU code [25]):
CzSe,(p = I'(E) /I, (E). The experimental spectroscopic fac-
tors to the ground and first-excited states of *Q are displayed
in Table II.

The ground state (g.s.) is a broad resonance J*=1/2"
[15,26,26-35], closely related to the configuration
['*0 (0) + p(s1/2)]. The first-excited state [J* = 5/2%,E, =
2.81(12) MeV, I' = 251(26) keV] is in good agreement with
previous measurements [15]. Based on the large spectroscopic
factor C%S = 1.0 (see Table II), its structure is interpreted as
[0 (07) + p(ds/2)] [26.36,37].

Contrary to the positive-parity resonances, the 1/2,,5/27,
3/2; inherit weakly from the 'O (0}) + p configuration. In-
deed, these states are collectivized by the coupling to 2p-decay
channel >N + 2p and to several inelastic 1p-decay chan-
nels. The second-excited state J* = 1/27, has been found
atE, = 4.88(21) MeV, I = 30(15) keV, confirming previous
measurements [15,33,38,39]. The small decay width of this
resonance, which is situated more than 1.5 MeV above the

Coulomb plus centrifugal barrier and almost 4.9 MeV above
the 1p-emission threshold, has been explained [15] as a conse-
quence of the continuum-coupling induced collective mixing
of SM eigenstates [7,8] with the nearby 2p-decay channel.

At higher excitation energies, two new narrow resonances
have been measured for the first time. These states can decay
by one-proton emission to 40O (OT) or by two-proton emission
to the g.s. of N (1/2]). Analysis of 2p-decay data showed
that at least two states must be present, while the background
under these two states is limited to the portion shown in yellow
to the right of the 3/27 peak (see Fig. 1). A comparison of
the Dalitz plot representation [40] of the experimental events
compared to a realistic GEANT4 [41] simulation performed
within the nprool framework [42] (see Fig. 2) indicated that
the sequential 2p-decay through the first-excited state of
140(11’) dominates. Indeed, in the case of a direct two-proton
decay to the ground state of '*N, the available energy should
be equally shared between the two protons. Then, a straight
line is expected at energy Eun_proon = 0.5, of the width of the
lines observed in the 3/27 decay. This is not what is observed.
Moreover, the relative energies between the two proton and
the proton fragment are perfectly matching the sequential
decay through the *O (1]) state as seen in Fig. 1. We can
therefore conclude that the two-proton emissions observed in

TABLE 1. Resonances properties determined from the R-matrix analysis of the resonant elastic ['*F — '*O(0}) + p] and inelastic

scattering [°F — '*Q(17) + p] excitation functions.

Jr E.(MeV) BE — 40 0]) +p BF— “o1,)+p
I (keV) ¢ ' (keV) ¢
5/2% 2.81(12) 251(26) 2 - -
1/2- 4.88(21) 30(15) 1 — —
5/2- 5.93(10) 3(2) 3 0.3 () 2
3/2° 6.33(13) 28(13) 1 2.2 (6) 2
<1x1073 0
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FIG. 2. (a) Dalitz plot of the N +p+ p decays from the
3/2~ state (3N-p vs p-p reduced energies). The red (black)
line corresponds to the first (second) proton emitted sequentially.
(b) Center-of-mass angular distribution of the first proton, see
Ref. [43] for the analysis method.

these two states occur essentially sequentially. It should be
noted that we cannot exclude a small contribution from direct
two-proton decay in both cases.

The first new state is observed as a very narrow resonance
with J* = 5/27, E, = 5.93(10) MeV, T'(0]") = 3(2) keV, and
(17 )e=2 = 0.3(1) keV (see Table I). The obtained spectro-
scopic information for this resonance is consistent with the
mirror-nucleus level sequence and the prediction of Fortune
and Sherr [44]. The angular distribution of the first sequen-
tially emitted proton in the two-proton emission can be seen in
Ref. [45]. In the determination of the proton width to 140(11_),
two angular moments are possible, £ = 2 or £ = 4. We have
assumed a pure £ = 2 for this emission.

The second new state is a 3/2~ resonance with E, =
6.33(13) MeV, I'(0}) = 28(13) keV, and I'(;") = 2.2(6) keV.
The R-matrix analysis could not distinguish between 3/2~ and
1/2% spin-parity assignments for this resonance. The 3/2~
spin assignment for this resonance is based on the Legendre
polynomial fit [43] of the center-of-mass angular distribution
of the first sequentially emitted proton in the 'H('*0, 2p) °N
reaction as shown in Fig. 2. The decay is dominated by the
£ = 2 component with a £ = 0 partial width <1 eV (see Fig. 2
and Table I). This is a somewhat surprising result since in gen-
eral the £ = 2 contribution is usually assumed to be negligible
compared to the £ = 0 contribution. AZURE2 code performed
the calculation of the angular distributions for the two protons
and the elastic scattering, including the interference terms.
The calculation confirmed the extremely low value of the
£ = 0 width for the 3/2~ state. The energy and spin parity
of this resonance agrees with a prediction of Refs. [44,46].
However, the one-proton width I'(0]) is surprisingly 12.5
times narrower than the predicted value from Ref. [46], where
they deduce the width from the '3C mirror nucleus using the
usual equality of spectroscopic factors between mirror states,
without considering the coupling to the continuum.

Theoretical description. The present data has been ana-
lyzed and interpreted in the framework of the Gamow shell
model (GSM) [1,47-50]. This model is a configuration-
interaction OQS approach formulated in the Berggren
single-particle (s.p.) basis [51] that includes bound states, res-
onances, and nonresonant background states of the discretized
contour embedding resonances. The many-body basis states

TABLE II. Major amplitudes of channels [*O(K™) ® (¢;)1'" in
the lowest GSMCC resonances of 'SF. R[&] denotes real part of the
channel amplitude. R[S] corresponds to the real part of the spectro-
scopic factor in open channels, and C*S.y, display the experimental
spectroscopic factors, see text for details.

SR T Mo KT g RI¢] RIS] C?Sexy
1/2+ 0F s, 057 0.985 0.89(11)

17 D12 0.32 — —

0y D12 0.1 - -
5/2T 0?’ ds)» 0.43 0.979 0.75(25)

357 pp 033 - -

2 pp 023 - -
1/2; 0F  pip  L4x1072  32x102  0.0060(7)

0F  pip 049 - -

T s, 034 - -

Of S1/2 0.11 - -
5/2; 0F  fin - - 0.0030(15)

2 pp 039 - -

i S172 032 - -

I© ds,  0.14 0.477 0.70(35)

0y  dsp Ol 0.356 -
3/27 0F  pyp Sx10* 9x107  0.0010(5)

2 pp 039 - -

217 S1/2 0.32 - -

17 ds)» 0.25 0.838 0.30(15)

si2 0 19x107° <3x107°  <1.3x107°

consist of Slater determinants where nucleons occupy s.p.
basis of the chosen Berggren basis [1,50].

The modelspace consists of '2C core and valence pro-
tons in the p and sd shells. The s.p. valence space is built
of three pole states: Opy/,0ds;2, 1512 and five continua:
pl/z,p3/2,d3/2,51/2, and d5/2. The d5/2 and S1/2 levels are
described in the Berggren s.p. basis, whereas remaining par-
tial waves are expanded in the harmonic oscillator basis.
The Hamiltonian consists of a one-body part, which includes
a Woods-Saxon, spin-orbit, and Coulomb potentials, and a
two-body part, which comprise of the Furutani-Horiuchi-
Tamagaki effective interaction plus the Coulomb interaction
and recoil term [52]. Parameters of the Hamiltonian are ad-
justed to reproduce the energies of 1/27, 1 /2F,5/ ZT states of
3N and F, as well as the energies of OT, 17, and 37 states
in 14Q.

To describe nuclear reactions, GSM has to be formu-
lated in the coupled-channel representation, the GSMCC
[1,53,54]. The GSMCC Hamiltonian is Hermitian because
matrix elements are calculated in the harmonic oscillator
basis. However, the calculation of resonances in °F using
this Hamiltonian is done in the Berggren basis, so that the
Hamiltonian matrix of '>F becomes complex symmetric. The
transformation from harmonic oscillator basis to Berggren
basis is not orthogonal and is handled exactly with all channel
overlaps taken into account [ 1]. The reaction cross sections are
calculated by coupling the real-energy incoming partial waves
to the states of '*Q given by the Hermitian Hamiltonian.
Consequently, the framework related to the cross section cal-
culation is fully Hermitian, whereas complex energies arise

L051301-4
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0t 0(0)
GSMCC EXP EXP

FIG. 3. Level scheme of 'SF with respect to '*Q g.s. from the
GSMCC calculation (left) and the present analysis (center), and level
scheme of '*O (right). °F data are taken from Ref. [15] and the
present analysis, and '#Q data are taken from Ref. [55]. Energies
are in MeV. The red lines indicate the 2p- and 3p-decay thresholds.
Resonance widths (in keV) are given in the brackets.

for resonances because one diagonalizes the complex sym-
metric Hamiltonian matrix induced by the Berggren basis
representation. In the present studies, the reaction channels
in the GSMCC are constructed by coupling states of '*O with
proton states in different partial waves (nfj). The considered
states of '*O are 07, 05, 27, 25,07, 17, 27, and 37 . The pro-
jectile motion is described by single-particle states of p, and
sd shells, and by s, p, and sd continua.

The GSMCC excitation function is superimposed to the
data in Fig. 1. Strong resonances are seen for the positive-
parity states J™ = 1/2F,5/2} of '°F [15]. Excitation of the
negative-parity states 1/2;" and 3/2| is weak in accordance
with both their small spectroscopic factors (see Table II) and
the structure of their wave functions, which do not resemble
the wave function of a proton outside the '*O(07) core [45].

Higher-¢ partial waves are not essential in the low-energy
excitation energy interval considered in the present experi-
ment. The f shell is absent in the model space, therefore,
there is no contribution of the 5/27 partial wave in the
elastic scattering reaction. For the same reason, the channel
[14O(OT) ® (f5/2)]5/27 is absent in Table II. The slow rise of
the cross section at energies higher than 6.5 MeV is due to
higher-energy resonances consisting of mainly a broad 3/2"
partial wave.

Not observed in the present experiment, in the vicin-
ity of 3p-decay threshold, the GSMCC predicts a sec-
ond 1/25 resonance at an energy close to the maximal
accessible experimental energy (see Fig. 1). The struc-
ture of this resonance is dominated by the 3p-emission
channel ['2C(0]) ® (0p12(0ds;2)*)]'/* and nearby 1p-
emission channels [140(3]_) ® (Od5/2)]1/2_ and [140(21_) ®
(0ds/2)1'/?". The major proton configurations are [p'd?] and
[plsz]. Therefore, one expects an admixture of the direct 2p-
emission in the decay of 1/2; resonance. The GSMCC also
predicts several resonances at even higher energies, which are
clustered in the vicinity of 1p-emission channel *O(2}) + p
and 2p-emission channels: *N(1/27) + 2p, ®N(3/27) + 2p,
and ®N(5/2) + 2p.

The calculated spectrum for 1°F obtained from the GSMCC
analysis is compared to the experimental one in Fig. 3. The
obtained major channel amplitudes ["*O(K™) ® (£ j)]ﬂ for

the resonances are presented in Table II together with the
asymptotic normalization coefficient for major open channels
in the resonances 1/2}, 5/2{, 5/27, and 3/27 . Occupancies
of s.p. shells for dominant GSM configurations in the con-
sidered states of °F, 40, and !N are shown in Table IL.
It should be stressed that both energy and width of 5/27
and 3/27 resonances are well reproduced by the GSMCC
(see Fig. 3).

Structure of >F negative parity states. As discussed in
Ref. [15], the 1/2] resonance is narrow because the structure
of this state is strongly affected by the coupling to a nearby
2p-decay channel. The dominant proton configurations are
[p's?] and [p'd?] whereas the major proton configuration in
the g.s. of '*Q is [p?] (see also Supplemental Material Fig. S.2
[45]). Consequently, the 1p-decay width is strongly reduced
and the observation of the direct 2p-decay to the g.s. of *N is
virtually impossible due to small available phase space for this
decay. The higher-energy 5/27 and 3/2[ resonances have a
similar decay limitation as the 1/2] resonance. The dominant
proton configurations in these resonances is [p'd's'], i.e.,
their 1p-decay width is strongly reduced.

One may notice a similarity between the 5/27, and 3/27
resonances, which are dominated by the same channels:
the open channel [*O(17) ® (0ds/2)1** +5/>" and the closed
channel [*0(2]) ® (0p1/2)1*/>>* . The principal differ-
ence between these resonances is seen in the different £ =
0 closed channels: [140(31’) ® (1s1/2)]5/2f and [140(21’) ®
(1s12)1¥/%1, for states 5/2; and 3/2, respectively.

The couplings of the resonances 1/2;, 5/27, and 3/2] to
the g.s. of '*Q are extremely small and have been omitted
from Table II. Small values of the experimental spectroscopic
factors to the g.s. of '*Q agree with the smallness of these
couplings. One may also notice that the large GSMCC spec-
troscopic factor to the 1] state of 140 for the 5/27,and 3/27
resonances, are in qualitative agreement with the obtained
experimental values (see Table II).

For the 1/2 state, the [140(1]_) ® (Osl/z)]l/z_ channel is
closed and the sequential 2p emission is not allowed. On the
other hand, for 5/27 and 3/2 resonances the sequential 2p
decay is possible via the intermediate 1, state of '*Q. This
decay involves the major configurations of 5/27, 3/2; and
17 states in '°F and '*Q, respectively (see Fig. 3).

Conclusions. The negative parity states 1/27, 5/27, 3/27
in the continuum of '>F form a unique triplet of narrow res-
onances between 2p- and 3p-emission thresholds. Detailed
GSM and GSMCC analysis provided an understanding of
the imprint of the 2p-decay channel and various 1p-inelastic
channels on the structure of those states. The long lifetimes
of 1/27, 5/21, 3/2] resonances result from the vicinity of
the decay channels: *N(1/2]) 4+ 2p and '*O (17) + p, which
collectivize these resonances and change their structure, thus
preventing that the decay goes via the elastic channel 14O(Of’)
+ p. For near-threshold resonances, the inference about their
structure from the SM calculation of (bound) mirror partners
becomes questionable. Near-threshold collectivization may
play an important role in many reactions of astrophysical
interest by modifying their rates with respect to the predictions
based on the SM and the assumption of mirror symmetry [56].
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The sequential 2p decay of 5/2 and 3/2] states via 1]
resonance in '*Q, has been observed, in agreement with the
GSMCC calculations. The direct 2p-decay component is pre-
dicted by the GSM to be present in the deexcitation of 1/25
state just above the newly measured resonances.

Based on general theoretical arguments, one expects that
narrow near-threshold resonances exist also in other nuclei be-
yond the proton and neutron drip lines. For example, the same
sequence of narrow negative-parity resonances is expected in
the unbound '*F and "Na nuclei. Systematic investigations of
the narrow resonances and their various particle and y decay
modes in nuclei beyond drip lines will open new perspectives
in the studies of effective interactions in nuclear OQS [1]
and the continuum-coupling induced collectivization of the
near-threshold states [7,8].
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