Spectroscopy of proton-unbound nuclei by tracking their decay products in-flight
I. One- and two- proton decays of °F, 1Ne, and *Na
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A powerful method of investigating proton-unbound nuclear states by tracking their decay prod-
ucts in flight is discussed in details. To verify the method, four known levels in °F, %Ne, and
19Na were investigated by measuring the angular correlations between protons and the respective
heavy-ion fragments stemming from the precursor decays in flight. The parent nuclei of interest were
produced in nuclear reactions of one-neutron removal from *"Ne and 2°Mg projectiles at energies
of 410-450 A MeV. The trajectories of the respective decay products, **O+p+p and **Ne+p+p,
were measured by applying a tracking technique with micro-strip detectors. These data were used
to reconstruct the angular correlations of the fragments which provided information on energies
and widths of the parent states. In addition for reproducing properties of known states, evidence
for hitherto unknown excited states in °F and 'Ne was found. This tracking technique has an
advantage in studies of exotic nuclei beyond the proton drip line measuring the resonance energies
and widths with a high precision although by using low-intensity beams and very thick targets.

PACS numbers: 21.10.-k; 21.45.-v; 23.50.+z

I. NUCLEAR STRUCTURE BEYOND THE
PROTON DRIP LINE

Nuclear structure beyond the proton drip line, where
nuclei are unbound and exist only as resonances in the
continuum, is still a rather unexplored topic despite sub-
stantial experimental advances made lately. In partic-
ular, the recently-discovered phenomenon of two-proton
(2p) radioactivity, the spontaneous break-up of an atomic
nucleus by the emission of two protons, displays unex-
pectedly long half-lives for all reported 2p precursors,
45Fe, %4Zn, 1YMg, and #mAg [? ? ? 7 | in comparison
with predictions of a quasi-classical estimate of emission
of 2He. A quantum-mechanical theory of 2p radioac-
tivity based on a three-body model of nuclear structure
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of a 2p-decay precursor (which assumes a configuration
p+p+-core”) [? 7 7 ] explains such long half-lives as
the result of a decay retardation due to the higher three-
body centrifugal barrier in the parent nucleus. The the-
ory predicts the regular occurrence of long-lived 2p pre-
cursors in the region beyond the proton drip line. Calcu-
lating correctly the properties of 2p-unbound nuclei with
a three-body model may also be of interest for nuclear
astrophysics. The inverse reaction to 2p decay, radiative
two-proton capture, may play an important role in the
synthesis of heavy elements in the Universe, by possi-
bly bridging some “waiting points” in the rp-process, see
e.g. [? 7 7 ]. Measurements of 2p decays are so far the
only way of studying radiative 2p capture.

In general, one expects one- or two-proton decaying
resonances in light nuclei to be very broad due to small
Coulomb barriers. For example, the ground states (g.s.)
of F or '®!N are seen as broad s-wave proton res-



onances (see e.g., Refs. [ 2 7 7 7 ]). Ounly few
excited states of such nuclei located beyond the proton
drip line are known. Their widths are usually of the or-
der of hundreds of keV. However, some proton-unbound
nuclei whose structure is more complicated that a single-
particle configuration (i.e., a proton orbit around an in-
ert nuclear core) may exist as very long-lived resonances
due to high few-body centrifugal barriers and/or small
1p spectroscopic factors. In particular, the measured 1p
and 2p decays of the recently-found excited states in 1°F
and 16Ne [? ] gave evidence for relatively stable nuclear
configurations beyond the proton drip line. The observed
states have much smaller widths compared to the respec-
tive predictions of models assuming single-particle con-
figurations of parent states. Their structure may be as-
cribed to particle-hole configurations where protons are
coupled to core-excited states. Then 1p-decay branches
of such configurations into the excited-core states are
larger than those into the respective ground states [? ?
]. The excited-core daughters are in turn open to 1p
decays, and therefore the corresponding final states com-
prise three particles. Such a phenomenon is expected to
be general for nuclei beyond the proton drip line where
1p and 2p thresholds are very low.

Timescale of nuclear decays by proton emission acces-
sible in experiments spans from 1072 s (for the longer
lifetimes, weak decays prevails) to 1072! s (for the shorter
lifetimes, continuum dynamics is important). Such a
broad range can be accessed by different experimental
techniques. In the case of nuclear 1p and 2p decays
with lifetimes larger than a few microseconds, one can
implant the radioactive atoms and detect subsequently
their decay. For much shorter half lives, the conventional
in-flight-decay method aims at detecting all fragments
of a proton precursor in missing-mass or invariant-mass
measurements. A novel experimental technique for mea-
suring in-flight decays of proton-unbound nuclei with life-
times in the time range of 10~7-107'2 s was suggested in
[? ] and discussed in Ref. [? ? ? ]. In such a measure-
ment, the trajectories of all decay products are tracked,
and the decay vertices as well as the angular correlations
of the decay products can be deduced from the measured
trajectories. For the first time in studies of radioactivity,
we have performed an in-flight-decay experiment by the
tracking technique with micro-strip detectors. Some re-
sults of the experiment have been published in previous
letters. The observations of Mg and its 2p radioac-
tivity [? ], proton-proton correlations from 2p decays of
Mg and %Ne [? ], and new resonances in 1°F populated
by 1p decay of excited states in '®Ne [? ] have been re-
ported. Due to space limitations, some important details
of the experimental technique and methods of analysis
remained unexplained. Understanding of these details is
crucial for future applications of the presented method in
studies of nucleari specata beyond the proton drip line.

In a series of two papers, we intend to present more
experimental details concerning the previously published
results and to provide new data on unobserved nuclear

states. In the present paper, the first of the series, we
describe the tracking technique in more detail and ver-
ify it by reproducing the properties of previously-known
proton-unbound states in the isotopes '°F, ®Ne, and
9Na. The paper is structured in the following way. In
Section 7?7, the experimental set-up and the tracking pro-
cedure of charged particles with micro-strip detectors are
described. The method of identification of a 2p-precursor
state of interest, measuring its decay energy and width
by using angular correlations of its decay products is dis-
cussed in Section ??7. A comparison of selected cases of
1p and 2p decays with literature data is given in Sec-
tion ?7. Spectroscopic results on previously-unknown
proton-unbound states in the isotopes °F and '6Ne are
presented in Section ?7. Finally, advantages of the track-
ing technique in studies of nuclear structure beyond the
proton drip line are presented in Section ?7. More exper-
imental details of applying the tracking method to life-
time measurements in the nano- to femto-second regime,
as pioneered for the case of Mg [? ], will form the
subject of a forthcoming paper.

II. EXPERIMENTAL METHOD

The experiment was performed by using a 5914 MeV
beam of ?Mg accelerated by the SIS facility at GSI,
Darmstadt. A sketch of the experimental set-up is pre-
sented in Fig. 77 where the upper panel shows the general
lay-out, and the lower panel provides a close-up view of
the tracking detectors. Radioactive beams of 2°Mg and
1TNe were produced at the Projectile-Fragment Separator
(FRS) [? ] with average intensities of 400 and 800 ions
s~! and energies of 450 and 4104 MeV, respectively. In
total, about 2.2-107 of ions of 2°Mg and 9.1-105 of 1"Ne
were produced. The secondary reactions (*°Mg, 9Mg)
and (1"Ne, '®Ne) occurred at the mid-plane of FRS in a
2 g/cm? 9Be reaction target. Special ion-optical settings
for FRS were applied, the first FRS half being tuned in
an achromatic mode using a wedge-shaped degrader at
the first focal plane F1, while its second half was set for
identification of the heavy ions (HI), in particular 1"Ne
and 'O, with high acceptance in angle and momentum.

At the FRS mid-plane, a 6x6 cm? double-sided Si de-
tector (DSSD) with 32x32 strips and a 20x20 cm? multi-
wire chamber were used upstream of the reaction target
to track the incoming 2°Mg(*"Ne) projectiles. As an ex-
ample, the identification plot used to identify 2°Mg pro-
jectiles detected by DSSD is shown in Fig. ??. Down-
stream from the reaction target, a micro-strip detector
array [? |, developed on the basis of the tracker of the
AMSO02 project [? ], was positioned. It consisted of 4
large-area (7x4 cm?) double-sided silicon micro-strip de-
tectors (MSD) with a pitch of 0.1 mm on both sides, cov-
ering an opening angle of ~150 mrad around the beam di-
rection. They were used to measure energy losses and po-
sitions of coincident hits of two protons and a heavy frag-
ment, thus allowing us to reconstruct all decay-product



trajectories and derive the coordinates of the reaction
vertex and the angular p—p and proton-HI correlations.

In the second half of FRS, the heavy-ion decay prod-
ucts like '"Ne or O were unambiguously identified by
their times of flight, their magnetic rigidities, and their
energy losses measured with position-sensitive scintilla-
tor detectors. As an example, a HI identification plot is
shown in Fig. 7?7 where the fragment atomic numbers Z
are plotted versus their mass-to-charge ratios, AoQ (at
our energies, ions were fully stripped and Z=Q). Nu-
clear mass-to-charge ratios AoQ were determined by a
standard method [? | from the measured times of flight
and positions at the focal planes (which allowed to cal-
culate the respective magnetic rigidities) by taking into
account the full tracking information at the F2 and F4
focal planes of FRS. As one may see on Fig. 77 the
AoQ values of secondary-beam ions 2°Mg and fragments
I7Ne are very close, which demonstrates the purity of the
20Mg secondary beam obtained by the achromatic tuning
of the ion-optics in the first half of FRS. The ?°Mg iso-
topes constituted more than 90% of the secondary-beam
ions registered at F2. The small contamination consisted
mainly of '"Ne, even smaller admixtures of 2! Mg, 23Al
etc. were also present.
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FIG. 1. Upper panel: sketch of the experimental set-up lo-
cated at the FRS mid-plane. The secondary beams were
tracked by a double-sided silicon strip detector, DSSD, and a
multiwire chamber, MW. The reaction products were formed
in fragmentation reactions in the reaction target located at
the FRS focus F2. Outgoing protons and heavy ions were
tracked in triple coincidences HI+p+p by three planes of sili-
con micro-strip detectors (D1-D3). The heavy ions were iden-
tified at the foci F3 and F4 by magnetic-rigidity, time-of-flight
(TOF), and energy loss measurements with the scintillator
detector Sc4 at F4. Lower panel: Illustration of tracking 2p
decays of Mg with the three planes of micro-strip detectors.

Target

Fragment tracking was based on the response of the
double-sided micro-strip detectors (MSD, labeled D1,
D2, and D3 in Fig.??) to protons and heavy ions. Due to
capacitive coupling between neighboring strips, in most
cases more than one strip shows a finite signal above the
strip pedestal. In Fig. 7?7, the numbers of strips fired in
MSD is shown for protons and '"Ne ions.

One can see that protons fire mostly only one strip.
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FIG. 2. (Color online) Transverse spatial profile of ions versus
their energy loss of a secondary beam detected in front of the
FRS reaction target by the DSSD detector. The ion-optical
settings of the first half of FRS are optimized for a 410 A MeV
beam of 2°Mg.
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FIG. 3. (Color online) Identification plot for ions detected
at the FRS focal planes F2 and F4. The ion-optical setting
was optimized for the transmission of *"Ne ions produced in
the reaction target by a 410 A MeV beam of *°Mg. The Y
axis represents the element number, Z, the X axis displays
the mass-to-charge ratio, AoQ.

Thus their position uncertainty is 0,=100/v/12 ~30 pm.
The Ne(Mg) ions typically produce clusters of 7(9) strips,
which is due to capacitive coupling between the neighbor-
ing strips. In an individual detector, the cluster centroid
can be determined with an accuracy of about 14 pm.
The cluster areas are proportional to the energy losses of
the impinging ions, a typical example of the energy loss
measured by the MSD is shown in Fig. 77.

In the present study, we were mainly interested in ob-
serving coincident event of heavy ions (HI) and two pro-
tons. Conditions for true HI4+p+p events were: i) the
minimal distance between proton and heavy ion trajec-
tories was required to be very small, typically less than
150 pm, and ii) the difference between the two longitudi-
nal coordinates of the vertices defined by each of the two
p—HI pairs (taken from the same HI+p+p event) had to
lie within the range defined by the experimental uncer-
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FIG. 4. Typical numbers of strips fired in micro-strip detec-
tors by 400 A MeV protons (left) and '"Ne ions (right).
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FIG. 5. Typical energy-loss spectrum of different ions derived
from the hit-cluster areas on the X-side of the micro-strip de-
tector [? ]. The inset shows the proton energy-loss spectrum
derived from coincident triple '"Ne+p+p events.

tainty of 0.3-1 mm, depending on detection angle. The
achieved angular resolution in fragment tracking was ~1
mrad.

The inset in Fig. 77 shows that proton can be well sep-
arated from noise if triple HI4+-p+p coincidences are re-
quired. The energy-loss spectra for those HI4+p+p events
are particularly clean, as shown in Fig. ?7. Under these
conditions, proton signals are well separated from the
heavy-ion ones.

In order to track ions through the three layers of MSD
in the present experiment, it is necessary to determine
the offsets of the detectors relative to each other. Such
an alignment procedure uses single-ion tracks crossing
all three layers of MSD. For each detector, five align-
ment parameters were determined, namely two spatial
(X0,Yo) and three angular (63, 6§, 6§) offsets. The off-
sets were determined by minimizing the differences dX
and dY between the X- and Y-coordinates of 2°Mg ions in
the secondary-target plane as derived from the two alter-
native trajectories given by the different MSD pairs, D1-
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FIG. 6. Distribution of uncorrected cluster areas from the Y-
side of the micro-strip detector derived from triple **O+p+p
coincidences.

D3 and D2-D3 (see Fig. ?7). The offsets were changed
iteratively until dX and dY were minimal. The result of
this procedure is illustrated in Fig. 7?7, where the dY is
plotted vs. dX, the differences between the two alter-
native coordinates (X,Y) obtained for each 2°Mg ion on
the secondary-target plane (see Fig. 77). Projecting the
dX-dY distribution on the axes yields FWHM-widths of
~10 pm in both directions. Though the used procedure
of alignment is simplified in comparison with a complete
procedure which makes a minimization of all 5 offsets
at the same time (e.g., see the CMS tracking procedure
[? ]), the achieved tracking accuracy serves well for our
physics case.
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FIG. 7. (Color online) Uncertainties of positions of 2°Mg
ions at the reaction target in the (X,Y)-transverse directions.
The uncertainties have been evaluated from the differences
between two alternative (X,Y)-coordinate values of the *°Mg
positions at the target derived from two alternative 2°Mg tra-
jectories defined by the MSD pairs D1-D3 and D2-D3, see
Fig. ?77.
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FIG. 8. Distances of the closest approach d of two trajectories
of a proton and a '"Ne ion derived from tracked '"Ne+p+p
events.
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FIG. 9. Spatial differences between two decay vertices along
the Z-(beam-) direction defined for the p1—'"Ne and pa—'"Ne
trajectories which were taken from the same "Ne-+pi+pa
event. Panel (a): distribution for events with large p—"Ne
angles (> 50 mrad). Panel (b): distribution for events with
small p—"Ne angles (< 50 mrad).

Proton-HI vertices are defined as points where the
distance between the respective trajectories is minimal.
The inclusive distribution of these distances-of-minimal-
approach is illustrated in Fig. ??7. A three-particle
HI+p+p vertex is given by averaging the coordinates
of the two two-particle vertices. It is obvious that in
Z- (beam-) direction the uncertainty of the vertex de-

pends on the two proton-HI angles (taken from the same
HI+p+p event), yielding a larger uncertainty in the case
of smaller p+HI angles due to the almost parallel move-
ment of the ions. Typical uncertainties range from 0.3
to 1 mm, see the respective histograms in the upper and
lower panels of Fig. ??. The uncertainty of the centroid
of a N-event vertex distribution is smaller than the re-
spective single-event uncertainty by a factor of 1/ V'N.
For example, the centroid of the ®Mg—1"Ne+p+p ver-
tex distribution (about 300 events) could be measured
with an accuracy of 0.1 mm. Angular uncertainties of the
decay products were mainly due to angular straggling of
protons in the MSD and amounted to ~1 mrad.

Additional technical information concerning the detec-
tors and their electronics as well as the applied tracking
procedures can also be found in [? 7 7 ].

III. NUCLEAR-STRUCTURE INFORMATION
FROM PROTON-ION ANGULAR
CORRELATIONS

In the following section we want to show how nuclear-
structure information concerning the nuclei involved in
1p or 2p decay can be obtained from measuring only
the trajectories of the decay products, without measuring
their kinetic energies.
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FIG. 10. Cartoons of transverse momentum correlations
kpi—or — kpa—m1 (lower panels) expected for three different
mechanisms of 2p emission (illustrated in the upper panels)
from a parent nucleus with mass number A to a daughter
nucleus with A4-2: (a) direct three-body decay; (b) sequential
emission of protons via a narrow intermediate state in nucleus
A-1; (c) de-excitation of broad continuum states in the nu-
cleus A with final-state interaction due to a narrow resonance
in the intermediate nucleus with A-1.

For a discussion of 2p decay, we can discriminate be-
tween three different cases. These cases are illustrated in
Fig. ??. The upper panels show schematically the nuclear
states involved in 2p decay, the lower panels show the cor-
responding momentum correlations ky1_grr — kpa—pr. In
the first case (a) of direct 2p decay, sequential 2p emis-
sion is energetically forbidden since even the g.s. of the



FIG. 11. (a) Kinematics of isotropic mono-energetic proton
emission from a high-energy heavy ion. (b) The corresponding
angular p—HI distribution exhibiting the peak corresponding
to the Q-value of the proton decay.

intermediate nucleus with mass number A — 1 lies higher
in energy than the g.s. of the 2p precursor with mass
number A. Theory of direct 2p emission tells us [? 7 ?
? ] that the momenta of both emitted protons should
preferentially be equal; consequently, the 2p momentum-
correlation plot should have the shape of a quadrant,
with a radius corresponding to the @2, value and with
most of the counts lying in the peak indicated by the
dark spot in the lower panel of Fig. ??(a). Note that
all momentum-correlation plots in Fig. 77 are symmetric
with respect to the 45° line since the protons p; and ps
are indistinguishable.

Case (b) represents the sequential emission of two pro-
tons through a narrow resonance in the intermediate nu-
cleus with A — 1. The kpi1_gr — kpo—pr correlation plot
should yield double peaks [? ] as indicated by the black
dots in the lower panel of Fig. ??(b).

The third 2p-decay mechanism to be considered is 2p
emission from broad continuum parent states with final
state interactions in the p—HI pairs (Fig. ??(c)). This
mechanism should reveal broad distributions along nar-
row “slices” as shown in the lower part of Fig. 7?(c).

In the present method, we do not measure proton or
HI momenta. Instead, we simply measure their trajecto-
ries directly downstream from the secondary-reaction tar-
get. Fig. ?7(a) shows the kinematics plot for the simple
case of isotropic and mono-energetic single-proton emis-
sion from a high-energy heavy ion. Fig. ??(b) shows the
corresponding distribution of laboratory p—HI opening
angles, 6,_pr. The angular spectrum exhibits a sharp
peak corresponding to the situation where the proton is
emitted roughly orthogonal to the HI momentum vector.
Thus the maximum value of 0,_g is directly related to
the decay energy, ), of the emitted proton. In the same
way, the kpi1_pgr — kp2—pr momentum correlations for 2p

decays (Fig. ??) can be replaced by the corresponding
Op1—r1—0p2_p1 correlations. If the initial and final states
of p emission are narrow, the width of a peak in the angu-
lar distribution is governed mostly by angular straggling
of the proton in the secondary-reaction target. If those
states are broad, the width results from a convolution of
the state’s width with proton angular straggling.

It is clear that the cases sketched above in Figs. 77?7
and 7?7 represent ideal cases. In reality, several proton
branches may be present, representing more than one of
the cases shown schematically in Fig.??(a)-(c), and lead-
ing to complicated spectra with several peaks. One can,
however, clean up the spectra and enhance e.g. transi-
tions with small @-values by gating on small angles of
0p1—mrr and plotting the spectrum of ,5_g; under this
condition. Another option is to plot the one-dimensional

»
dimensional distribution 6,1 g1 vs. 8p2_pgr. The variable
p is related to the energy sum of both emitted protons
and therefore to the 2p-decay energy ()2, of the precursor
state. The p distributions are very useful in the analy-
sis of 2p decay data since they produce spectra with less
peaks and allow to gate on specific excitation-energy re-
gions.

In all cases, detailed Monte-Carlo simulations are
needed to interpret the angular spectra. To obtain e.g.
the energy of a resonance, its numerical value is varied
within a reasonable range of energies and for each case
the corresponding angular correlation is calculated. This
predicted angular correlation is then compared to the
measured one. The resonance energy is obtained as the
test value where the probability that the two distribu-
tions are identical is maximum. In the same way, at
least limits for the width of a resonance can be obtained,
as will be shown below.

distribution of p=4/02 g+ 0%, 4 instead of the two-

IV. INVESTIGATIONS OF REFERENCE
CASES: 1P AND 2P DECAYS OF KNOWN
STATES IN °F, 1SNE, AND "NA

A. 2p decay of the 'Ne ground state

The validity of our method to obtain the properties of
proton-unbound states from tracking their decay prod-
ucts can be tested by reproducing literature data. For
this purpose, we have studied the 2p decay of 'Ne
into O+p+p. '®Ne was formed by 1n-removal inside
the reaction target from the "Ne secondary-beam which
was transmitted simultaneously with the 2°Mg secondary
beam. Its 2p decay can be gated on by requiring two
coincident proton tracks in the micro-strip detectors si-
multaneously with identifying 'O in the second half of
the FRS (see Fig. 77?).

A scheme of the relevant levels in 'Ne, F, and O
is shown in Fig. ??. The 2p-decay energy of the ®Ne g.s.
has been measured with high precision to be 1.40(2) MeV
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FIG. 12. The level schemes of known states in 140, °F, and
16Ne (Refs. [? 2 7 7 7 ]). 1p decays of states in 'Ne and '°F
into the g.s. of *O are indicated by dash-dotted arrows. The
2p decay of the %Ne g.s. is illustrated by the dashed arrow.
The hatched area indicates unspecified continuum states in
6Ne. Decay energies and level widths are given in MeV;
the decay energies are relative to the respective 1p and 2p
thresholds.

[? ]. Its decay properties and those of the related reso-
nances in intermediate °F were also studied in Refs. [?
? 7 ? ]. The 2p emission of the 1Ne g.s. must be
mainly direct decay because sequential emission of pro-
tons via an intermediate resonance, the (higher lying) g.s.
of '*F, is energy-forbidden and can only proceed through
the tails of the respective resonances (see Fig. ?7?). The
quantum-mechanical theory of direct 2p decay which uses
a three-body model [? 7 ? | predicts the correlations
of the fragments of '®Ne to be strongly influenced by nu-
clear structure together with Coulomb and three-body
centrifugal barriers. In particular, p—p correlations are
expected to result from a dominant s-wave configuration
in the 1Ne g.s. (in contrast with its mirror, 16C, thus
breaking isospin symmetry) [? ].

1. Monte-Carlo simulations

In order to understand the conversion from momentum
to angular correlations in 2p decay, we have performed
simulations of 2p decays from the known ground state of
16Ne under the assumption that its mechanism is direct
2p emission. Monte-Carlo simulations were done using
the GEANT software package [? ]. GEANT includes
relativistic kinematics and all important processes of in-
teraction of relativistic particles with various materials.
The physical input for the GEANT simulations was pro-

vided by the three-body model mentioned above [? 7 ?
]. The simulations started at a randomly-chosen Hi+p+p
vertex inside a reaction target and followed the protons
and HI through the remainder of the reaction target and
the detectors, taking into account angular straggling and
detection efficiency as well as the experimental uncertain-
ties in position determination and in reconstructing the
vertex coordinates, trajectory angles etc. In particular,
all selection conditions applied for a data analysis were
used in simulations in the same way.

The result of the simulation for direct 2p decay of the
6Ne g.s. is shown in Fig. ??(a). Its similarity with the
schematic plot in Fig. ??(a) is obvious. The 2p decay
energy (2, = 1.40(2) MeV [? ] is translated into an arc
with a radius of about 45 mrad; projecting the distribu-
tion leads to a single peak at about 35 mrad.

In a similar way, the sequential-decay mechanism
(shown schematically in Fig. ??(b)) can be simulated.
An example is displayed in Fig. ??(b). It represents the
sequential decay of a hypothetical broad state in *Ne
with a 2p-decay energy of 7.6 MeV via the g.s. of 1°F.
According to its schematic representation in Fig. 77, it
results in two symmetric bumps (at 50 and 110 mrad in
the projection onto one axis). The arc radius corresponds
to about 115 mrad.

2. Comparison with experimental data for ** O+p+p

Fig. ??(c) shows the measured angular (p;-14O)—(pa-
140) correlations obtained in our experiment. The dis-
tribution is symmetrized with respect to proton permu-
tations, proton indexes are given for illustration pur-
poses only. One can distinguish several peaks indicating
the most intense 2p-emission channels. Events with the
smallest p-*O angles fall into a distinct cluster around
0,—0=35 mrad; these events can be attributed to the di-
rect 2p decay from the 'SNe ground state. Most of the
other events are located in an arc with a radius of about
115 mrad. This group can be attributed to the 2p decay
from a high-lying excited state in '°Ne.

For a quantitative interpretation, projections of the
two-dimensional (p;—*0)—(p2—1*0) distribution shown
in Fig. ?7?(c) are useful. However, an inclusive projec-
tion onto the one-dimensional p—140 axis as shown in
Fig. 7?(a) leads to a complicated spectrum with sev-
eral peaks, and the most intense peaks are labeled (1-
4). To disentangle the “ground state” from the “excited
state” events, one needs to project onto one p—'4O axis
by gating on either the small-angle or large-angle regions
of the other p—'*O axis. Such projections are shown
in Figs. 7?7 and ?? and will be discussed in detail be-
low. Another helpful presentation of the measured triple

14O+p-+p events is the distribution of p=, (02, o+ 02 o

distribution as discussed above at the end of Section 77?.
We present this distribution in Fig. ??(b). As expected,
the number of peaks has been reduced and the spectrum
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FIG. 14. (Color online)(a) Opening angles 6,_o (full circles with statistical uncertainties) projected from the measured

4O4-p+p events shown in Fig. ??(c). The upper axis shows the transverse momenta k of protons with respect to '*O.
The apparent peaks are labeled (1-4). (b) Angular p=,/62, + 0>,  distribution (full circles with statistical uncertainties)
obtained from the data shown in Fig. ??(a). The dashed and dash-dotted curves show the results of Monte Carlo simulations of
the experimental response to 2p decays of the known ground 07 and first-excited 27 states in 'Ne with Qa, values of 1.35 and
3.2 MeV, respectively. For illustration purpose, the dash-dot-dotted curve shows a hypothetical contribution from the excited
second 0" state at 3.5 MeV. The dotted curve is the contribution of a previously-unknown excited state with Q2 ~ 7.6 MeV

(the properties of the excited states will be considered in Section ??). The solid curve results from the sum fit.

exhibits more structure. One can clearly distinguish be-
tween the small-angle peak at ~45 mrad and a broad dis-
tribution at larger angles. Our simulations show that the
small-angle peak is due to the 2p decay of the *Ne g.s.,
and the continuous component is related to 2p decays of
excited states in 1Ne (these states will be considered in
Section 77).

The upper panel in Fig. 7?7 displays the angular distri-
bution 0,1_o. The 6,30 gate has been chosen from 0 to
45 mrad, where the 2p decay of the 'Ne g.s. is expected
to show up. The peak around 35 mrad (the suggested

“ground state”) dominates the spectrum; only few cor-
relations are seen between a proton from the “ground
state” and another proton at larger angles. This means
that the protons from the “ground-state” and “excited-
state” peaks are not correlated, i.e. the peaks cannot be
explained by a sequential emission of protons from the
same state in '°Ne. The large-angle part of the distribu-
tion (corresponding to larger excitation energies in Ne)
has the same shape as the 6,1_o distribution selected
within the 6,20 range just outside the “ground state”
region, from 48 to 160 mrad. By scaling this component
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FIG. 15. (Color online) (a) Angular p—*O correlations (full
circles with statistical uncertainties) obtained from the mea-
sured p+p-+'*0 events by selecting the other proton angle
Op2—0 within the range from 0 to 45 mrad, which cor-
responds to the Ne g.s. region. The solid curve repre-
sents the Monte Carlo simulation of the detector response
for '®Ne, s, —'*O4p+p with the fitted 2p-decay energy of
1.35(8) MeV. The dashed line is a sum fit to the data. The
dotted curve indicates the assumed background contribution.
(b) Calculated probability that the simulation matches the
data as a function of the assumed decay energy (see text).
The curve represents a Gaussian function fitted to the his-
togram.

to the large-angle data of the upper part of Fig. 7?7 we
obtain the dotted background curve).

To interpret this spectrum quantitatively, the data are
compared to a Monte Carlo simulation of the response of
our setup to the 2p decay '*Ne—'*O+p+p as described
in Subsection ?7. As inputs into the GEANT simula-
tions, we used the predictions of fragment correlations in
the precursor frame as given by the model of direct 2p
emission [? |. For a chosen range of 2p-decay energies,
Q2p, we calculated the respective probabilities P(Q2p)
for the simulations to match the data (the standard sta-
tistical Kolmogorov-Smirnov test of compatibility of two

histograms, see e.g., [? |), which are shown in the lower
panel in Fig. 77. The ()2, value with the closest match
(assuming that P>50%) was accepted. The best-fit sim-
ulation reproduces the data in the small-angle peak re-
gion quantitatively with Q2,=1.35(8) MeV, in agreement
with the literature value of 1.40(2) MeV [? ]. The sta-
tistical uncertainty of the fitted value is given by the
(Q2p range where the experimental data are described by
the simulation with probabilities above 50%. One should
note, that the un-gated calculations have practically the
same shape as those cut by horizontal slices, and there-
fore the corresponding systematic error may be neglected.

Figure 7? shows the angular p—'*O correlations from
the —'6Ne ground-state 2p decay selected by another
gate, namely the arc-area covering the ground-state de-
cay correlations as shown in Fig. ??(c). Such a gate
cuts off most of the continuous background but changes a
shape of distribution a bit as demonstrated by the gated
and un-gated calculations of the corresponding correla-
tions. As the applied selection gate on the p parameter
may introduce some uncontrolled bias in the generated
distribution in comparison with the previous case, we ac-
cept the fit results illustrated in the Fig. 7?7 because their
systematic errors are under control.

80+
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o / \
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FIG. 16. Angular p-'*O correlations (full circles with

statistical uncertainties) from the '°Ne g.s. obtained from
the measured p+p+'*O events by selecting their arc-area

=/02, o+ 02, o within the range from 35 to 50 mrad (see
Flg. ??(b)). The solid curve is the corresponding calculation
of the decay '®Ne, ;. —'*O+p+p with the 2p-decay energy
of 1.35(8) MeV cut by the same condition as the data. The
similar but un-gated calculation is presented by the dashed
curve whose shape practically coincides with the calculation
in Fig. 7?7(a).
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FIG. 17. Angular p—*O distribution obtained from the data
shown in Fig. ?7?(c) by selecting the other proton angle from
120 to 150 mrad, which corresponds to p—'*O final-state in-
teractions due to the ground and excited states of '°F. The
dashed and dotted curves result from Monte Carlo simulations
of the known 1p decays of the ground and first-excited states
of '°F with 1p-decay energies of 1.56(13) and 2.80(4) MeV, re-
spectively [? ]. The dash-dotted and dash-dot-dotted curves
show the fit of two other peaks by suggesting two unknown
excited states in 'F with 1p-decay energies of 4.9(2) and
6.4(2) MeV, respectively. Their derived properties are given
in Section ??7. The solid line is the sum fit.

B. 1p decay of known states in '°F

The measured p+p+HI events can also be used for
studies of 1p-decaying resonances in unbound nuclei.
Figure ?? displays the angular p—'*O distribution for
the continuum of highly “excited states” in ®Ne (see
Fig. ??(c)) obtained from the p+p+'4O events by select-
ing large angles of the other proton ranging from 120 to
160 mrad. The selected range corresponds to energies of
the other proton between ~8 and ~20 MeV. The distribu-
tion shows two small-angle peaks which reflect the p—14O
final state interaction due to the ground and first-excited
states in °F. This can be verified by Monte-Carlo simu-

lations of 1p decays F* —14O+p of the known ground
%4_ and first-excited %Jr states in '5F with Q,-values of
1.56(13) and 2.80(4) MeV [? |, respectively. With these
assumptions, the first two small-angle peaks are repro-
duced quantitatively. The peaks at larger angles are as-
signed to 1p decays of previously-unknown excited states
in ®F, and the respective spectroscopic analysis is de-
scribed in Section ?77.

C. 1p decay of the ?Na ground state

Another reference case is the 1p decay of the
known ground state of '“Na whose decay energy is
Qp=0.32(2) MeV [? ]. It is fed by the decay of high-
lying continuum states in 2°Mg, as shown schematically
in Fig. ??(c). We have detected it in the measured

18Ne+p+p coincidence events whose angular (p;—'8Ne)—
(p2—18Ne) correlations are shown in Fig. ??(a). For illus-
tration purposes, the corresponding Monte Carlo simula-

tions are shown in Fig. ??(b).
i
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FIG. 18. (Color online) (a) Angular (pi1—'*Ne)—(p2—*Ne) cor-
relations obtained from the measured **Ne+p+p events (color
boxes with scale shown on the right-hand side). The grey
slices indicate the areas where final-state interaction in the
p—'®Ne pairs due to the '®*Na ground state is expected. (b)
Angular correlations 6, _1s 5. — 6,218 5. Obtained by Monte-
Carlo simulations of the experimental response for 2p emis-
sion from broad continuum states in 2°Mg through the ground
state of '"Na with a known 1p-decay energy of 0.32(2) MeV [?

].

Projecting the two-dimensional angular distribution
shown in Fig. 7?(a) onto the f,_1sy. axis yields a one-
dimensional spectrum the lower part of which is shown in
Fig. ??7(a). A narrow peak around 25 mrad corresponds
to the expected 1p-decaying resonance, the ground state
of Na. The assumed background is extrapolated from
the data outside the '?Na peak and contributes by ~27%



in the peak region.

Monte Carlo simulations of the detector response for
the decay of "Na, s —'®Ne+p were performed to ob-
tain the best-fit value for the @, value of this decay.
Fig. 7?(b) shows the probabilities that the simulations
match the data as a function of the assumed 1p-decay
energy. The highest probability is obtained for @, =
0.328(22) MeV, which is in quantitative agreement with
the literature value of 0.321(13) MeV [? ]. Using the
same method, we have also tried to determine the width
of the '”Na ground state. Varying the width yields the
probability distribution shown in Fig. ??(c). This gives
only an upper limit of less than 40 keV. As the width of
the "Na, 4. is known to be very small, <1 eV, our result
reflects the experimental resolution of our detector setup.

At the end of this Section we emphasize that all our
nuclear-state assignments assume that one peak in the
measured p—HI spectra matches one single resonance
only. Therefore several closely-spaced states (e.g., in the
case of 1p decays of the lowest states in 1°F) could be
misinterpreted as one broad level if they are populated
within the experimental resolution of 0.2-0.4 MeV. Sim-
ulations of the response of our set-up show that multiple
scattering of the protons in the thick target is the main
reason for the p—HI peak broadening and the relatively
large errors of the resonance-width measurements. The
obtained spectroscopic information may be improved in
new experiments by using a thinner reaction target.

V. SPECTROSCOPY OF HITHERTO
UNKNOWN 1P- AND 2P-UNBOUND STATES IN
F AND NE

In the previous section, we have demonstrated that we
could precisely reproduce known properties of proton-
decaying resonances with our tracking technique. This
has encouraged us to deduce the properties of so far un-
known states in °F and 'Ne with the same method.

A. States in '°F

As mentioned in Subsections 7?7 and 7?7, projections of
the two-dimensional distribution of (p;—1*0)—(pa—1*0)
correlations (Fig. ?7(c)) from the decay of ®Ne exhibit
peaks that can either be attributed to the direct 2p de-
cay of the 1Ne g.s. or to the sequential decay of ex-

cited states in 'Ne via two known states in 1°F, the 1+

2
g.s. or g+ first-excited state. These events were disen-
tangled by making slice projections from the measured
(p1—140)—(p2—1*0) correlations, selecting a small-angle
gate, 0,2_0<45 mrad to enhance the direct 2p g.s. de-
cay, and a large-angle gate, 0,2_0>120 mrad to enhance
the sequential decays.

Figure ??(b) again displays the 6,1_¢ distribution ob-
tained by gating on condition 0p2_o >120 mrad, as in
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FIG. 19. (Color online) (a) Angular p—'®Ne correlations

(full circles with statistical uncertainties) projected from
Fig. ??(a). The peak reflects the final-state interaction
due to the ®Na ground state. The dashed curve repre-
sents the Monte-Carlo simulation of the detector response
for "Nay s, —'®Ne+p with the fitted 1p-decay energy of
0.328(22) MeV. The assumed background (dotted line) is in-
terpolated from the data outside the °Na peak. The solid
line is a sum fit to the data. The lower panels show the prob-
ability that the simulations match the data as functions of the
assumed decay energy (b) and width (c) of the '*Na ground
state. The probability histograms are fitted by Gaussian and
sigmoidal functions (solid lines).
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FIG. 20. (a) The 6,_o correlations shown in Fig. ??(b) in comparison with the simulations of different 1p decays of *°F states.
The simulation curves are similar to those described in (b). (b) One-dimensional 6,_o projection (full circles with statistical
uncertainties) of the two-dimensional data shown in Fig. ??(c), obtained by gating on 6p,— o >120 mrad, which corresponds
to 1°F resonances due to final-state interactions in pi-*O pairs. The dashed and dotted curves result from simulations of the
response of our set-up to the known 1p decays of the ground and first-excited states in '°F, see Subsection ??. The dash-dotted
and dash-dot-dotted curves indicate two new states in °F with fitted Q, values of 4.9(2) and 6.4(2) MeV, respectively. The
solid line is the sum fit. The short-dash curved shows the sum fit with all level widths set to 1 keV, which illustrates the
experimental resolution. The short-dash-dotted curve is the 1p-decay estimate of the 7.8 MeV state in '°F. (c) The 6,_o
distribution selected within the arc-area /02, + 0>,  around 115 mrad, which corresponds to the 7.6 MeV state in 6Ne.
The solid curve is a fit obtained by simulating the sequential 2p decay of the *Ne* state via the g.s. (dashed curve) and the
first-excited state (dash-dotted curve)in 'F. The dotted curve shows a similar fit with the '*Ne* width set to 1 keV. The insets
in (b) and (c) show the probability (as a function of the assumed resonance width) that the simulations match the data.

Fig. ?77. For illustration purpose, the inclusive 8,;_o dis- cays of the known ground %+ and first-excited %Jr states
tribution is shown in Fig. ??(a). The two left-most peaks  in 1°F with @Qp of 1.5(1) and 2.8(1) MeV, respectively.
in Fig. ?7(b) were attributed in Subsection ?? to Ip de-  The two peaks at larger angles can be assigned to 1p de-
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FIG. 21. (Color online) (a) Angular correlations 6,i_n-8p2—n from the *N-p-+p events (color boxes with scale shown on
right). The arc area indicates 2p emission from an unknown '*F* resonance. The bands show the p+'3N final-state interaction
due to the 37 state in **O. (b) Inclusive projection 6,_n of the data shown in panel (a). (c) Distribution 6, n (full circles
with statistical errors) gated by 78 mrad < /Ogl_N + Hﬁz_N < 88 mrad, which corresponds to the 2p decay of a resonance
in ®F*. The solid curve is the simulation of the sequential 2p decay of '*F* via the 2T state in *O at F*=6.59 MeV [? ].
The fitted parameters of the 'F* state are Q,=7.8(2) MeV and I'=0.4(4) MeV. The dot and dash-dot curves show similar
calculations with assumed '°F* widths of 1 and 800 keV, respectively. The inset shows the probability (as a function of
the assumed resonance width) that the simulations match the data. (d) The 6p1—n histogram obtained for @p2n >80 mrad,
which corresponds to p+'3N final-state interactions. The solid, dotted, dashed, dash-dotted and dash-dot-dotted curves are
simulations of the 1p resonances in '*O* at E* of 5.173, 5.92, 6.272, 6.59 and 7.768 MeV, respectively [? ].

of 1°C(4 ) since its location in '°F relative to the (%+)1

state is similar to that in '°C. This state is 0.27 MeV
above the 2p threshold, however, the *O(0])+p 1p-
decay mode dominates.

cays of unknown excited states in F with derived @,
values of 4.9(2) and 6.4(2) MeV [? ]. These values and
their uncertainties were deduced in the same way as for
the %Ne, by varying their level energies in the Monte-
Carlo simulation of sequential decays until the simulated
spectra matched the measured ones. In a similar way, the

1+

resonance widths I' were fitted, the 5 and %Jr states The @,=6.4 MeV state in '°F, observed in the

in 1°F with known widths serving as test cases. The
levels with @, of 4.9 and 6.4 MeV are very narrow and
smaller than our experimental resolution, the upper limit
amounts to 0.2 MeV. In the inset of Fig. ??(b) we plot
the probability distribution, P(T’), for the width I" of the
level with @,=4.9 MeV.

The state with @,=4.9 MeV is likely the mirror state

140(0])+p decay, is also open for 2p decay via the 17,
03, 3 states in *O and may be seen in triple *N+p+p
coincidences. Their angular 8,,_n-0,,-n correlations are
shown in Fig. ??(a). Only few events are detected in the
arc area of interest around 62 mrad, so we may conclude
that the 2p-decay branch of the @,=6.4 MeV state has
not been observed. Theoretical estimates of the widths '
of these unobserved decays can be obtained by the stan-
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dard expression,
[=C%S Ty, (1)

Single-particle widths I's , were calculated in the two-
body potential model with Woods-Saxon potential pa-
rameters of 7o=1.25 fm and a=0.65 fm, see e.g. [? ].
The spectroscopic factors C2S were determined from oc-
cupancies of bound orbits calculated in the (spsdpf)-
shell model with the WBP interaction [? | using the
NUSHELL@MSU code [? ]. Two possible J™ assign-

ments for the Q,=6.4 MeV state were considered, %_ and

%_. In both cases, the dominant structure is a d-wave
proton coupled to the 1*O(17) core. However, due to the
centrifugal barrier, the I'y ;, for this configuration is only
~11 keV while the same proton is well above the barrier
for the *O(0])+p branch with ¢=1. Although C2S for

the £=1 branch is small, the **O(07 )+p width dominates

being ~50 keV for 2~ and more than 100 keV for 2~

The corresponding widths for the *O(17)+p decay are
about 4 and 7 keV. This explains our non-observation of
the 2p decay of the @,=6.4 MeV state. Although both
J7 assignments predict relatively narrow widths consis-

tent with the data, the energy split between the ¢,=4.9
and 6.4 MeV states favors the %7 assignment since the
same split between the %7 and %7 states is observed in

the mirror nucleus 1>C. The 2~ assignment also agrees
with the shell-model predictions [? | (see Table I).
Triple '3N+p+p coincidences were measured in the
same experiment and provided evidence for the pres-
ence of a new state in 'F. Both the two-dimensional
data and different projections are shown in Fig. ?7(a—
d). Two intense peaks are seen around 50 and 65 mrad
in the inclusive projection, 6,_n (Fig. ??(b)). We se-
lected these peaks by imposing the condition 78 mrad <
02, x + 02 x < 88 mrad (Fig. ??(c)). In the corre-

sponding §,_x distribution, two distinguished peaks have
positions and widths that match those from the sequen-
tial 2p decay of a narrow ®F* resonance via the known
level 1*0O(2]) at 6.59 MeV [? ]. This is justified by
the final-state-interaction channel '*N+p—140* whose
0, correlations are shown in Fig. ??(d). The simu-
lations of the known 5.17 and 6.59 MeV states in 4O
[? ] match the two most intense peaks of this distribu-
tion providing references for this case. The fitted @2,
value for the F* state is 3.2(2) MeV; its width is esti-
mated to be I'=0.4(4) MeV, see the inset of Fig. ?7?(c).
As a cross-check, we have simulated an alternative se-
quential 2p decay via the neighboring O(37) state at
6.27 MeV (the 2p-decay energy of the parent state should
then be 8.0 MeV) which fails to fit the data. The new
I5F* state is also open to the **O(0])+p decay branch
with Q,=7.8(2) MeV. We have simulated this channel
using the '’F* energy and width derived from the ob-
served 2p branch, see Fig. 7?(b). Some data events may
be attributed to the 1p decay, though contributions from
other possible higher-lying states in '°F are unknown.

TABLE I. The Q3°? and T3 (in MeV) of states observed in
15F*  the assigned spin-parity J7, the calculated spsdpf shell-
model widths T';™ in comparison to the (sd)? shell model [?

] and the MCAS [? | predictions. The excitation energies
E,’© of '5C mirror states are from [?].

exp F;zp J" FgM :[017] F:[Dl’?] 56] FEG] E;E’C

P
2.8(1) 0.4(1) 5/27 0.33 2.78 0.3  2.79

0.18 0.74

4.9(2) 0.2(2) 1/27 0.09 5.49 0.005 4.63 0.055 3.10
6.4(2) 0.2(2) 5/27 0.05 6.88 0.010 5.92 0.006 4.22
3/27 0.10 7.25 0.040 6.30 0.180 4.66

7.8(2) 0.4(4) 3/2F 045 - - - - 5.83
1/2; ~3° - - - - 5.87

5/24 0.3 7.75 04 - — 6.36

“The width is calculated for the **O*(2%)+p decay branch.
®The width is calculated for the '*O*(17)+p decay branch,
which in turn decays into **N+p+p.

Thus we estimate the ratio of the 1p/2p decay branches
of the 7.8 MeV state to be less than 0.2.

Three J™ assignments were considered for this state,
(%Jr)g, (%7)2, and (%+)2, based on known spins and par-
ities in the corresponding range of excitation energies in
the mirror nucleus *C. The spsdpf shell model widths of
the main decay channels for each of these assignments are
given in Table I. The (%7)2 assignment is clearly wrong.

We cannot discriminate between the (%+)2 and (%+)2

assignments by using the measured 1p/2p branching ra-
tio because the 1p decay width cannot be reliably deter-
mined in our theoretical approach. However, this energy
matches well the predictions made for (g+)2 in the multi-
channel algebraic scattering (MCAS) approach [? ]. If
this assignment is confirmed in the future, this would
mean that we have observed a large Thomas-Ehrman
shift of 0.6 MeV in an s-wave configuration built on an
excited core.

B. States in *Ne

In search for reaction channels feeding the observed
I5F states, we inspected the two peaks in Fig. ??(a)
around the p—4O angles of 70 and 100 mrad. These
peaks were assumed to originate from sequential 2p de-
cay of a single excited state in 1°Ne via 'SF. The 6,_o
distribution, selected within the corresponding arc area
110 mrad < /0%, o + 02, o < 125 mrad (see Fig. 7?(c))
can be explained by sequential 2p decay of a high-lying
state in '®Ne via 1E’F(%Jr) and 15F(g+) with the fitted
values of Q2,=7.6(2) MeV and I',=0.8(3§:4) MeV. The
P(T") distribution for this state is shown in the inset of
Fig. 7?(c). The asymmetric shape of P(I") is due to cor-
relations of the two fit parameters, the level width and
the decay branching ratio, because larger assumed widths

cause smaller admixtures of the %4_ decay channel. The



obtained branching ratios of the 1+

5+

5 and 5 decay chan-
nels are 0.24(8) and 0.76(8), respectively. The position of
the observed '®Ne* state correspond to the 6.1 MeV state
in its mirror C with J™=(27,37,4%) [? ]. We have cal-
culated shell-model partial widths of all decay channels
for each of these J™ assignments for the 'Ne* state. The
most important ones are shown in Table ?7?. According
to these calculations, the only plausible spin-parity of the
7.6 MeV state is 27F.

TABLE II. Different J™ assignment for the 7.6 MeV level in
16Ne and the corresponding partial widths (in MeV) for decay
into three 'F+4p channels, calculated in the shell model.

JT PFGDte PFG)+p PF(G )t
27 0.036 > 0.37 0.036

3~ 0.007 > 0.005 0.120

4" 1.4

In addition to the above-discussed two states in '®Ne,
we have found an evidence on the first-excited state 2%
in 'Ne by inspecting the p-angular distribution shown
in Fig. ?7(b). The intermediate part of the p distribu-
tion can not be reproduced by only the ground 1.4 MeV
and the excited 7.6 MeV states. However, a quantitative
description of the data can be achieved by adding an ex-
cited state in 1*Ne with the fitted values of 2p-decay en-
ergy Q2,=3.2(2) MeV and width I',=0.2(2) MeV. These
values have been obtained by fitting the correspond-
ing angular p—!%0 correlations as illustrated in Fig. ?7.
One may see that both direct and sequential 2p-decay
mechanisms produce very similar distributions which we
can not distinguish with the present experimental uncer-
tainties. The obtained values are in quantitative agree-
ment with the previous measurements reporting for 2+
Q2p=3.09(7) MeV [? | and provide the first evaluation of
its width which is less than 0.2 MeV. The measured width
value is crucial for assigning spin-parity of this state. In
the paper [? ] a first excited state in *®Ne was found at
Q2p=3.5 MeV, and it was identified as a second 07 rather
than 2. The positions of these two states are quite close,
however their widths should be of 1 MeV and 0.01 MeV,
respectively, according to the theoretical predictions [?
]. Our data are consistent with the spin-parity 2% only.
The level and decay scheme of the *®Ne precursor states
derived from our measurements are included in Fig. ?7.

Summarizing this chapter, we have measured 1p and
2p decays of excited states in '°F and '®Ne that can
be explained as valence protons coupled to excited-core
states which are in turn proton resonances. For the
Q,=4.9 and 6.4 MeV states in '°F, the proton ener-
gies of such a configuration are too small and the de-
cay into excited-core daughter states is suppressed by the
Coulomb barrier. In the cases of SF* (Q,=7.8 MeV) and
16Ne* (Q,=7.6 MeV) these energies are larger and their
decays into excited-core daughter states dominate. In all
cases the relation I', < @, holds, which means that ob-
served nuclear configurations beyond the proton drip line
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FIG. 22. (Color online) Angular p—*O correlations (full cir-
cles with statistical uncertainties) obtained from the mea-
sured p+p+'*0 events by selecting the p angle within the
range from 65 to 80 mrad (see Fig. ??(b)), which corresponds
to the first-excited state in Ne. The solid curve repre-
sents the Monte Carlo simulation of the detector response for
16Ne* (27) =1 O4-p+p direct 2p decay with the fitted values
Q2p=3.2(2) MeV and I'=0.2(2) MeV. The dotted line presents
the same calculation but assuming a different 2p-decay mech-
anism, namely a sequential proton emission via °F g.s. The
dashed line is a simulation of a hypothetical direct 2p decay
of the 0" state with Q2,=3.5 MeV and I'=1 MeV reported in
[? ]. The dash-dotted curve indicates the background contri-
bution scaled from the 7.6 MeV state data.

are relatively stable.

VI. SUMMARY AND OUTLOOK

The described method of in-flight 1p- and 2p-decay
measurements by tracking all decay products is a pow-
erful technique in studies of 1p- and 2p-unbound nu-
clei which has several advantages over the conventional
missing-mass and invariant-mass methods. In particular,

e Measurements of the total energies of the protons
are not required. The method allows to measure
the decay energies and widths of the 1p- and 2p-
precursor states by using only angular correlations
between decay products. Three-body angular cor-
relations provide information on nuclear structure
and decay mechanisms.

e The method is ideally suited for low-intensity
beams of exotic nuclei near the proton-drip line.
Thick targets (up to several g/cm?) and low-quality
beams can be used without loosing too much pre-
cision in measuring the angles between the decay
products, which is crucial for determining the reso-
nance energies and widths. A relatively high preci-
sion of the measured decay energies of 50-200 keV
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FIG. 23. Level scheme of all states observed in our experi-
ment. Single-proton 1p decays of the states in 1°Ne, °F and
110 are shown by dash-dotted arrows. The corresponding de-
cay energies are shown relative to the respective 14O+1p(2p)
thresholds. A 2p decay of the **Ne ground state is illustrated
by the dashed arrow. The hatched area indicates the high-
energy continuum in *Ne.

at incident energies of 500 A MeV has been demon-
strated.

e Large registration efficiencies (of about 30-70% for
three-particle events) allow studies of multi-particle
decay branches.

In a forthcoming paper, we will explain in detail how
2p-decay lifetimes in the range from nano- to femto-

seconds can be measured with this technique, as has been
demonstrated for the 2p decay of the Mg g.s. [? ]. Since
this type of measurements requires only a rather simple
set-up and can be applied to proton-unbound nuclei with
very small production cross sections, many more nuclei
are expected to be studied with this method in the future
(e.g., see some theoretically-predicted cases in [? ? ]).
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