PHYSICAL REVIEW C 109, 054325 (2024)

T. Redpath

Reduction of spectroscopic overlap across the Z = 8 shell in neutron-rich nuclei

M. Thoennessen®,"? J. A. Tostevin®,’ and D. Votaw ® 13|
Facility for Rare Isotope Beams, Michigan State University, East Lansing, Michigan 48824, USA
2Department of Chemistry, Virginia State University, Petersburg, Virginia 23806, USA
3Department of Physics and Astronomy, Michigan State University, East Lansing, Michigan 48824, USA
4Department of Physics, Hope College, Holland, Michigan 49422-9000, USA
3Department of Physics, Engineering, and Astronomy, Augustana College, Rock Island, Illinois 61201, USA
6Physics Division, Argonne National Laboratory, Lemont, Illinois 60439, USA
" Department of Physics, Davidson College, Davidson, North Carolina 28035, USA
8Department of Physics, Indiana Wesleyan University, Marion, Indiana 46953, USA
°Department of Physics, University of Surrey, Guildford GU2 7XH, United Kingdom

® (Received 9 March 2024; accepted 25 April 2024; published 24 May 2024)

Background: The recent discovery and spectroscopic measurements of 2’0 and 20 suggests the disappearance
of the N = 20 shell structure in these neutron-rich oxygen isotopes.

Purpose: We measured one- and two-proton removal cross sections from >’F and 2’Ne, respectively, extracting
spectroscopic factors and comparing them to shell model overlap functions coupled with eikonal reaction model
calculations.

Method: The invariant mass technique was used to reconstruct the two-body (**Q +n) and three-body (**O +2n)
decay energies from knockout reactions of >’F (106.2 MeV /u) and *Ne (112.8 MeV/u) beams impinging on a
‘Be target.

Results: The one-proton removal from ?’F strongly populated the ground state of °0 and the extracted cross
section of 3.41“1):2 mb agrees with eikonal model calculations that are normalized by the shell model spectroscopic
factors and account for the systematic reduction factor observed for single nucleon removal reactions within
the models used. For the two-proton removal reaction from 2Ne an upper limit of 0.08 mb was extracted for
populating states in ’Q decaying though the ground state of 2°Q.

Conclusions: The measured upper limit for the population of the ground state of 2°Q in the two-proton removal
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reaction from *’Ne indicates a significant difference in the underlying nuclear structure of ’F and *’Ne.
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I. INTRODUCTION

More than 25 years after the first unsuccessful search
for 20 [1] and its independent confirmation in 1999 [2],
unbound 280 decaying into >*Q and four neutrons was finally
discovered [3]. The observation of a narrow resonance at
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460f28(stat) 4 20(syst) keV which most likely corresponds
to the ground state confirms that 2#Q is the last bound oxygen
isotope and thus defines the location of the dripline in oxygen
at 2*Q. In contrast, the last bound fluorine isotope has been
determined to be *'F [2,4] and one of the major outstanding
questions has been how the addition of one proton can bind
six additional neutrons. Only recently have theoretical calcu-
lations been able to reproduce this phenomenon [3,5], but a
consistent description of the spectroscopy in this region has
still not been achieved. It is interesting to note that the current
Atomic Mass Evaluation still extrapolates 3'F to be unbound
with respect to two-neutron emission by 500 £ 100 keV [6].
The difficulties in reproducing the experimental observa-
tions in this mass region are due to the disappearance of the
N = 20 shell gap and the related existence of the island of
inversion where intruder states of the pf shell fall below the
sd-shell levels [7]. The measured single proton removal cross
section from 2°F populating >*Q indicates the influence of the
island of inversion beyond fluorine into the oxygen isotopes
[3]. Other recent experiments helped delineate the southern

Published by the American Physical Society
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FIG. 1. Overview of the experimental setup [30].

border of the island of inversion. In neutron-rich neon iso-
topes the emergence of low-lying intruder states was observed
[8—13] and the boundary of the island of inversion was located
at 2Ne [9,14] with positive and negative parity ground states
in ?’Ne [15] and ?’Ne [16,17], respectively. In fluorine, the
transition into the island of inversion has been determined to
occur between 2’F and 2F [18-20].

If and how strongly the island of inversion reaches into
the oxygen isotopes can be studied by measuring the spectro-
scopic overlap of neutron-rich oxygen isotopes with fluorine
and neon isotopes in one-proton and two-proton removal reac-
tions. For example, in a recent measurement of the one-proton
removal reaction from the 5/2% ground state of >F populating
20, a significant reduction of the ds), strength relative to
shell-model calculations was observed [21,22]. In order to
extend these types of measurements to even more neutron-
rich oxygen isotopes we studied one- and two-proton removal
reactions from ?’F and *’Ne, respectively.

As mentioned above, the ground state of 2TR is located
outside of the island of inversion with a ground state spin
and parity 5/2%, while the ground state of *Ne is 3/2~
and thus lies within the island of inversion. 20 was deter-
mined to be unbound in 1990 [23] and it took more than
20 years to measure its two-neutron decay to >*Q [24-26].
Subsequently, a higher precision value for the decay energy
[1843(stat)+4(syst) keV] as well as the first excited 2
(1.28%9 48 MeV above threshold) were reported [27]. 7O was
only discovered recently in the decay of 20 following the
single proton removal of 2°F [3]. A state at a decay energy
of 1.09 £ 0.04(stat) &= 0.02(syst) MeV relative to %0 was
observed. In addition, a few events consistent with this ob-
servation were also identified in the reaction 2?Ne(—2p) 2’0,
which is the same reaction reported in the present paper.

II. EXPERIMENTAL METHOD AND DATA

This experiment was conducted at the National Super-
conducting Cyclotron Laboratory located on the campus of
Michigan State University. Secondary beams of 106.2 MeV /u
27F and 112.8 MeV/u ?Ne were produced simultaneously
from a 140 MeV/u **Ca primary beam that impinged on a
775 mg/cm? beryllium production target at the Coupled Cy-
clotron Facility [28]. >’F and ?’Ne fragments were identified

and separated with the A1900 fragment separator [29] and
transmitted to the MoNA-LISA/Sweeper experimental area.
Both beams impinged on a Be-Si segmented target that con-
sisted of a stack of three °Be targets with thicknesses of
3.3 mm, 3.7 mm, and 4.1 mm, respectively, sandwiched
between four 140 um thick silicon detectors [30]. Neutron-
unbound oxygen isotopes were populated in one-proton and
two-proton removal reactions from the 2’F and >’Ne beams,
respectively. These isotopes decayed within the target by
neutron emission to the heaviest bound oxygen isotope, 2*Q.
The 2*O fragments were deflected toward the charged particle
detector suite through a large-gap Sweeper magnet [31] set
at a rigidity of 3.445 Tm. The emitted neutrons were de-
tected by the MoNA-LISA neutron array [32]. Figure 1 shows
the experimental setup and further details can be found in
Refs. [30,33].

Incident beam particles (*’F or 2’Ne) were within the ac-
ceptance of the Sweeper magnet. The atomic numbers (Z) for
unreacted beam and reaction products from the segmented
target were identified by measuring the time of flight (ToF)
between the target and thin scintillators and the energy loss in
the ionization chamber.

Mass (A) identification was achieved by correcting the
raw ToF for position and angle after the Sweeper magnet,
as well as for the position of the incoming beam measured
by the first silicon detector of the segmented target. These
corrections are made to approximately compensate for the
energy spread of the reaction fragments and path length dif-
ferences in their trajectories through the Sweeper magnetic
field. Two cathode readout drift chambers (CRDCs) mea-
sured the positions of the fragments at two points after the
Sweeper (see Fig. 1) to provide position and angle information
at the final thin scintillator. Unfortunately, the first CRDC
experienced an uncorrectable hardware failure that corrupted
its position information in specific regions across its active
area. As a result, the aforementioned ToF corrections could
only be extracted for regions of the emittance with viable
CRDCI1 position information, limiting the efficiency to 40%.
This was determined from the ratio of Z = 8 events inside the
viable emittance regions divided by the total number of Z = §
events. This 40% value is the same for both beams since both
7k and ’Ne and their reaction products filled similar regions
of the acceptance. Further details can be found in Ref. [33].
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FIG. 2. Reconstructed >*O+n two-body (top) and >*O+2n
three-body (bottom) decay energy spectra from ?’F (red, scaled by
0.1) and ®Ne (blue) beams. The three-body data were filtered using
the conditions described in the text.

The reconstructed two-body decay energies were obtained
from the coincidence between the 2*Q fragment and the first
neutron interaction in the MoNA-LISA detector array and
are shown in Fig. 2(a). While the distribution from 2’F (red)
shows clear evidence for the 2°0 ground state at very low
decay energies, such a contribution is absent or highly sup-
pressed for Ne (blue).

This observation is confirmed in the three-body spectra
which were reconstructed from coincidences between >*Q and
the first two neutrons. Each emitted neutron can potentially in-
teract multiple times within subsequent bars of MoNA-LISA.
In order to calculate the correct three-body decay energy
for each event, the following procedure was implemented
to suppress the contribution from events in which one neu-
tron is detected multiple times. First, the spatial and time
separation between all recorded neutron interactions in an
event are checked and clusters are formed from interactions
within 20 cm and 3.5 ns of one another. For each cluster,
the earliest hit is taken as the initial neutron interaction and
the remaining hits associated with the cluster are discarded,
thus reducing the cluster to a single hit. Next, the neutron
interactions from all cluster reductions are checked pair-wise
for causal connections. Two interactions are considered to
be causally connected if they satisfy v7dt* — s* > —300 cm?
and 0 < 80°, where v, is the beam velocity, dt is the time

difference between two interactions, s is the spatial separation
between interactions, and 6 is the angle between the vector
that points from the target to the earlier hit and the vector that
connects the two interactions. The quoted limits were chosen
to balance multi-interaction rejection and two-neutron detec-
tion efficiency. Interactions found to be causally connected
could be capturing two hits by the same neutron. In this case,
the second interaction is discarded. Only events with two or
more hits remaining after this filtering process are included in
the final three-body decay energy spectra shown in Fig. 2(b).

II1. SIMULATIONS AND RESULTS

In order to interpret the experimental spectra, a detailed
Monte Carlo simulation [34,35] was used to produce sim-
ulated data sets that take into account the locations and
dimensions of the target and the detectors as well as the beam
profile, reaction and decay processes, energy losses in the
segmented target, and neutron interactions in MoNA-LISA.

The population and possible decay paths included in the
simulations are shown in Fig. 3. The decay parameters for
30 (E =749 keV, T = 88 keV) and the decay energies of
the 260 0 ground state (18 keV) and first excited 27 state
(1.28 MeV) were taken from Ref. [27]. The width of the 2T
state (270 keV) was taken from Ref. [36]. In addition to these
discrete known states, the simulations for the 2’F induced
reactions included the population of a broad, highly excited
continuum in 2°Q, which could be populated by removing a p-
shell proton. The second 07 state in 20 has not been observed
yet and is not expected to be populated by one-proton removal
from 2’F.

For the ®Ne induced reactions, the statistics were not
sufficient to generate four-body (>*Q + 3n) spectra. However,
the lack of low-energy strength in the three-body, as well as
the two-body, data show that the decay path through the 2°0Q
ground state is strongly suppressed. Thus the focus of the
simulations was on establishing a limit for this path as it would
yield significant constraints on the location and population
of low lying states in 2’Q. Therefore, the simulations only
included the population and decay of the 20 0% ground and
the first excited 2 states.

The events generated by the simulations were filtered with
the same gates and conditions as the data. Specifically, for
the three-body (**O +2n) spectra the causality gates were
applied. With these boundary conditions, fits to the data were
performed where only the overall cross sections and the rela-
tive contributions of the populated states were free parameters.
For the ?’F reaction the relative contributions of the 2* and the
higher lying states were not well defined, so the relative pop-
ulation of the 27 to the 0" was extracted from Refs. [27,37]
to be 23-30 % and 77-70 %, respectively.

The results of the final fits are shown in Fig. 4. In the ?’F
reaction the final extracted cross sections were 3. 4*05 mb
and 1.4702 mb for the 0F and 2%, respectively. For the *’Ne
reaction an upper limit of 0.08 mb for 0" state and 0.9(2) mb
for populating the 2% state were extracted.

As the data were recorded in fragment singles mode, we
can also extract the integrated cross section populating the
ground state of 2*Q. After subtracting the contributions from
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FIG. 3. Level scheme of the neutron-unbound oxygen isotopes populated in the present reactions. Experimentally known states for 2270
are shown in black. The energies and spin and parity assignments for 22°Q were taken from Ref. [27] while the energy and tentative spin
and parity assignments for 2’0 are from Ref. [3]. States in 2°0 and >’Q predicted by shell model calculations are shown in red. Decay paths
included in the simulations are indicated by solid blue arrows. The dashed blue arrows show possible decays of states populated in >’Q (see

Sec. IV for details.)

the 0" and 27 states the measured value of 17.6 mb for the
27F induced reaction corresponds to about 13 mb decaying to
240 via highly excited states in 2°0. This value is consistent
with measurements in the lighter fluorine isotopes 42°F [38].
These states are primarily populated by proton removal from
the p shell [38,39]. The integrated cross section for populating
240 from the *’Ne was about 3 mb.

IV. COMPARISON WITH THEORY

We performed shell model calculations with the FSU
spsdfp cross shell interaction [40] to compute the spectro-
scopic occupancies for the initial and final nuclei for the
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FIG. 4. Top panel: reconstructed two-body decay energy
(**O +n) from ?’F (a) and *Ne (b) incident beams on the segmented
beryllium target. Bottom panel: reconstructed three-body decay en-
ergy (*0+2n) from ?F (c) and ®Ne (d) incident beams on a
beryllium target. The results of the simulations are shown in black
solid lines which are the sums of the individual decay contributions
indicated as solid colored lines in the panels and discussed in the text.

present reactions. The calculated low-lying levels for °0 and
270 are shown in red in Fig. 3. It should be noted that the FSU
Hamiltonian can only be used to calculate the energies of the
pure nhiw configurations [41] and that some of the energies in
Fig. 3 need to be shifted down by about 0.8 MeV to agree with
known data.

The configurations of the shell model states were used to
calculate one- and two-proton removal cross sections with the
eikonal direct-reaction model for the 2’F [42] and *’Ne [43]
induced reactions, respectively. The ground state of >’F has
spin and parity of 5/2% [18] with the valence proton occu-
pying the 7ds), orbital. The spectroscopic factors (C2S) for
the removal of this proton, single-particle cross sections (oyp),
and the cross sections from the eikonal model (Ogjkonal) are
listed in Table I for populating the ground and first excited
states of 2°Q. The eikonal model cross sections are obtained
from the product of the center of mass correction, the spectro-
scopic factor, and the single-particle cross section: Oeikonal =
[A/(A — DIV (C29) o5, Where N is the number of oscillator
quanta of the orbital from which the nucleon is removed; here
N =2.

For single proton removal reactions the systematics of
the eikonal model predictions for numerous systems are that
the cross sections have to be further reduced by a factor R;
which depends on the difference of the proton and neutron

TABLEI. Calculated spectroscopic factors (C2S) for the removal
of the valence wds;, proton and single-particle (oyp), eikonal model
(Ocikonal)» theoretical (Oiheo), and experimental (o.y,) cross sections (in
mb) for the one-proton removal reaction from the >’F 5/2% ground
state populating the ground state and first excited state (J7) in Q.

J7 C2S Osp Oeikonal Otheo Oexp
o+ 0.84 13.73 12.41 46+1.9 3.4793
2+ 0.14 12.97 2.13% 0.7+0.3 14702

2This value includes contributions from small admixtures of 0.001
and 0.01 from d3/, and s, respectively.

054325-4



REDUCTION OF SPECTROSCOPIC OVERLAP ACROSS THE ...

PHYSICAL REVIEW C 109, 054325 (2024)

ground-state separation energies (AS = §, — S,,) [44]. For the
present reaction AS is 15.2 MeV, yielding an R; value of
0.37(15). The final calculated theoretical cross sections (Gineo)
are consistent within the uncertainties with the measured cross
sections (Oexp)-

For the two-proton removal reaction from *’Ne, only very
few events for the decay paths of 2’Q via the ground state
of 260 were observed and an upper limit of 0.08 mb was
extracted. This result is consistent with the recent observation
of states in 2’Q [3]. In the reaction *F(—1p)?80, a state in
270 at a decay energy of 1.09 MeV was tentatively assigned
to be 3/27% or 7/2~. However, this reaction could also result
in the population of a 3/2~ state dependent upon the 0hw-
2/iw mixing in the °F ground state. A state at about 1 MeV
observed in the reaction 29Ne(—2p) 270 was “consistent with
the sequential decay of the ?’O resonance observed in the
2F beam data” as mentioned by Kondo et al. [3]. It should
be noted that the data shown in Ref. [3] were gated on a
low-energy neutron, thus enhancing the contribution of decays
through the 20 ground state. Kondo et al. did not extract a
cross section for the ?Ne reaction. However, they state that
“the cross section for the two-proton removal was much lower
than expected” [3].

The ground state of ?’Ne has negative parity [16,17], so
that positive parity states in the two-proton removal reaction
can only be populated by the removal of a p-shell proton
which most likely will result in the population of highly
excited states, however, a (very) small admixture to the first
excited 3/2% cannot be excluded. Thus, the observed states by
Kondo et al. in the *’Ne and *’F induced reactions are either
the same state (7/27, 3/2%, or 3/27), or the state observed
with the 2°F beam is essentially degenerate with a 3/2~ state
populated with the ??Ne beam.

Let us first consider the scenario where a low-lying 3/2~
level in >’Q is populated in the >’Ne(—2p) reaction. SDPF-M
large-scale shell model calculations have computed that the
3/2~ state in *’Ne consists of 66.4% 3fiw and 32.4% 1hw
configurations due to the onset of deformation [16]. The two-
proton removal reaction from the 37w component in ’Ne
would lead to 37w excited states in 2’Q that cannot decay to
the low-lying 0%iw 0% and 2+ states in 2°0Q. For a pure 17w
configuration in *’Ne the eikonal reaction model calculates
two-proton removal cross sections of 0.57 mb and 0.12 mb to
the 17w 3/2~ and 7/2~ states in ’Q, respectively. Assuming
32.4% 1hw configurations in 2Ne, the cross sections to the
3/2~ state would be 0.18 mb. In the FSU spsdfp cross shell
interaction the 3/2~ state is described as 2°Q plus a valence
neutron [v1(p3,2)] and would thus be very broad (~700 keV).
The observed limit of 0.08 mb for the decay of >’ to the 2°0
ground state means that less than a half of the broad 3 /2~ state
decays to the 20 ground state or that the percentage of 17w
in 2Ne is less than 15%.

A 3/2% ground state of 2’0 has been predicted by Gamow
shell model (GSM) calculations using the density matrix
renormalization group (DMRG) method [36] where the 3/2"
ground state is less than an MeV above the 2°Q +n ground
state and the 3/27 at an excitation energy of more than
5 MeV [45]. However, as mentioned before, the population
of a 3/27F state from the 3/2~ ground state of >’Ne by two

proton removal is extremely unlikely. It also would represent
a complete structural change between these two nuclides.

Similarly, the assignment of a spin and parity of 7/27 is
improbable. It would correspond to a reversal of the level
ordering from *’Ne. Although f; 2 components in the ground
state of Ne have been reported, it is dominated by p-wave
strength (p32) [13,16]. These configurations persist in **F
where the ps3/, also dominates the ground state [17]. Thus,
a 7/2~ ground state in 2’Q would represent a significant
structural change across the Z = 8 shell. Such a level reversal
and structural change has not been predicted by any of the
current theoretical models.

In all these scenarios, the structural overlap between the
%Ne ground state and the lowest lying 3/2~ state in >’Q is
significantly smaller than predicted by the shell model calcu-
lations. This mismatch of the configurations could be due to
either of these two nuclei.

A similar overlap mismatch has also recently been reported
in the proton removal from >F populating >*Q [22]. In con-
trast, in the recent discovery of 280 in the (p, 2p) reaction
from 2°F the measured cross section was consistent with sim-
ilar neutron configurations in 2F and 220 [3].

V. SUMMARY AND CONCLUSION

One- and two-proton removal reactions from 2’F and
%Ne, respectively, were measured and the two-body (**O +n)
and three-body (>*O+2n) decay energy spectra were re-
constructed. The extracted cross sections for populating the
ground- and the first-excited state in *°Q from the reaction
YTR(—p) were 3.47%2 mb and 1.4702 mb, respectively. In
the two-proton removal reaction from 2°Ne the decay via
the ground state of 2°0Q was strongly suppressed and only
an upper limit of <0.08 mb was extracted. This observation
indicates a small configuration overlap between 2?Ne and 270
and represents a challenge for a consistent description of the
structure of these neutron-rich nuclei across the Z = 8 shell.
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