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Continuum effects in neutron-drip-line oxygen isotopes
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The binding-energy pattern along the neutron-rich oxygen chain, governed by an interplay between shell effects
and many-body correlations impacted by strong couplings to one- and two-neutron continua, make these isotopes
aunique testing ground for nuclear models. In this work, we investigate ground states and low-lying excited states
of 27280 using the complex-energy Gamow shell model and density matrix renormalization group method with a
finite-range two-body interaction optimized to the bound states and resonances of 2~2°0, assuming a core of 220.
Our results suggest that the ground state of 230 has a threshold character, i.e., is very weakly bound or slightly
unbound. We also predict narrow excited resonances in >0 and >’O. The inclusion of the large continuum space
significantly impacts predicted binding energies of **~2%0. This implies that the careful treatment of a neutron
continuum is necessary prior to assessing the spectroscopic quality of effective interactions in this region.
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I. INTRODUCTION

The neutron-rich oxygen isotopes 237280 constitute an
excellent laboratory for the study of an interplay between
single-particle motion and many-body correlations in the
presence of a neutron continuum [1]. The semimagic character
of oxygen isotopes makes the shell-model picture fairly robust
up to >*0, with >0 corresponding to the v(0ds /2)6 subshell
closure [2-5], bound 220 [6,7], and 2*O associated with the
v(0ds)2)®(151/2)* subshell closure [8-10].

According to the current experimental evidence, the neutron
drip line for Z =8 is reached at 240, which is believed
to be the last bound oxygen isotope. Indeed, the isotope
250 has been shown to be unbound [11,12], as has been
the two-neutron emitter 2°0 [13,14], which appears to be a
very narrow threshold resonance [12,15,16]. While the odd-N
isotope 270 is believed to be unbound [17], the situation is
far from clear for 20 as in a shell-model (SM) picture its
apparent doubly magic character could, in principle, result in
an enhanced stability. Experimentally, there have been hints
[18] of the reduced neutron magicity toward 20, and several
measurements [17,19] have provided circumstantial evidence
for the unbound character of this nucleus. However, in the
absence of direct measurement, the jury is still out on the
question of how unbound this system really is.

On the theory side, various many-body approaches using
realistic chiral nucleon-nucleon (N N) interactions investi-
gated the stability and structure of 272°0 by considering
the neutron continuum space [20-24]. However, because the
interactions used were not fine tuned to experiment and
the continuum model spaces were severely truncated, only
qualitative predictions were made for energies and widths
of unbound states. Concerning 220, early SM calculations
[25-27] predicted 230 to be two-neutron unstable owing to the
unbound character of the 0d3,, single-particle (s.p.) shell. The
inclusion of the continuum space and related couplings within
the continuum SM (CSM) [28-30] also yielded 220 outside
the two-neutron drip line. Early many-body investigations
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using realistic chiral interactions produced more nuanced
results, predicting 220 bound or unbound, depending on the
renormalization cutoff of the interaction in the absence of
the continuum space [31] and computing it largely unbound
when the continuum was included [21]. The role of 3NF in
neutron-rich oxygen isotopes was first investigated using SM
approaches and renormalized chiral interactions [12,32,33],
and it was concluded that repulsive 3NF could lead to the
decreased stability of the heaviest oxygen isotopes. Finally,
state-of-the-art calculations including chiral two- and three-
body forces provided consistent results along the neutron-rich
oxygen chain [34—44], demonstrating that at a given level
of approximation all methods are under control. However,
in the absence of continuum couplings, these predictions
deviate from experiment for the heaviest isotopes known, e.g.,
260. (An overview of the recent progresses can be found in
Refs. [43,45].) The current situation in the neutron-rich oxygen
isotopes is summarized in Fig. 1, which shows g.s. binding
energies of 27280 relative to >*O predicted in various models.
The chiral-interaction results are represented by the IM-SRG
predictions [46,47] obtained using various forces.

The appreciable spread between various theoretical pre-
dictions for the g.s. energy of 220 provides a strong
motivation for a consistent microscopic description of neutron-
rich isotopes using a realistic model optimized locally to data
on oxygen isotopes and fully including the couplings owing
to the neutron continuum. The latter is critical as the weakly
bound and/or unbound oxygen isotopes are prototypical open
quantum systems [48].

II. THEORETICAL FRAMEWORK

Earlier work on the neutron-rich oxygen isotopes demon-
strated that their behavior results from the subtle balance
between many-body dynamics, realistic forces, and continuum
coupling. In the present study, following the strategy of
Ref. [20], we choose to investigate 2> =220 in the configuration-
interaction picture by considering a core of 20 and by
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FIG. 1. Ground-state binding energies of 2220 relative to *O
obtained in various theoretical approaches using various interactions:
SM USDB [27], SM + 3NF [32], SM + 3NF in the extended
sdfi2p3n space, CSM [29,30], and IMSRG [46,47]. If a given
theoretical approach was used with several interactions, those
predictions are marked by identical symbols and/or lines. Open boxes
represent the results obtained in this work (variant B), and the shaded
area shows the impact of the enlarged continuum space; see discussion
in the text.

optimizing a realistic NN interaction to the experimentally
known states in 237260. We use the Gamow shell model
(GSM) [49], which is an extension of the traditional SM into
the complex-energy plane through the use of the Berggren
ensemble [50,51]. The advantage of GSM is that it can
describe many-body bound states and resonances within one
consistent framework. By adjusting the parameters of the
GSM Hamiltonian to neutron-rich isotopes we hope to absorb
effectively the leading 3NF effects while making a “minimal”
extrapolation in neutron number from N = 18 to N = 20.
The key element of GSM is the s.p. Berggren ensemble [50],
which explicitly includes bound states, decaying resonances,
and nonresonant scattering continua [49]. The GSM approach
formally makes it possible to describe an arbitrary number
of valence nucleons in the continuum, but there are practical
limitations if large configuration spaces are involved, as the
particle continuum needs to be discretized. Some of those
limitations can be tamed by limiting the maximal number
of particles that can occupy continuum shells for a given
configuration. Such truncations can often be justified when
many-body correlations in the continuum are not playing a
major role. However, when configurations involving several
nucleons in the continuum are essential, as, e.g., in two-
neutron emitters such as the g.s. of 20, another approach
is needed. One possible way to avoid the explosion of the
configuration space owing to the discretized continuum is
the use of the density matrix renormalization group (DMRG)
method [52,53], where the continuum couplings are included
progressively. The general idea of the DMRG approach is
to start from a truncated many-body space, which provides
a first approximation to the eigenstate in the full space, and
then to gradually add scattering states while retaining those
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many-body states that provide the largest contribution to the
GSM density matrix.

The GSM Hamiltonian used in this work contains the
kinetic energy 7 of valence nucleons, one- and two-body
potentials U and V, respectively, as well as a recoil term that
guarantees translational invariance. To estimate the impact of
the core on predictions, we extended the GSM by including
configurations containing a single neutron hole in 0ds,.
To prevent double counting, we removed from the GSM
Hamiltonian the one-body potential W; that represents the
interaction between the ith valence neutron and the v0ds,
shell. The renormalized GSM Hamiltonian that can account
for a one-neutron hole configuration can thus be written as

Nyat+1

Nvm]+l ~ ~
A== 30 G O =i+ Y (s B2,
core

i=1 i<k
(1)

where Ny, is the number of valence particles and M is the
core mass. This treatment of the hole configuration is referred
to as “the GSM-hole” in the following. In deriving (1) we
assume that the core potential is not altered when a hole is
present in the hole shell.

III. OPTIMIZED INTERACTION

The main objective of this study is to provide reliable
predictions on neutron-rich oxygen isotopes that will guide
experiment and benchmark future calculations by estimating
the impact of continuum couplings on the heaviest oxygen
isotopes. To optimize the interaction, we maximize the number
of experimental data points constraining the GSM Hamiltonian
while minimizing the number of valence particles considered
to deal with a reasonable model space. A good compromise
is obtained for a core of 220. The corresponding s.p. model
space is limited to the bound 151, and resonant Od3 , shells and
associated scattering continua, each made of three segments in
the complex momentum plane defined by the points (0.15,0.0),
(0.3,0.0), and (2.0,0.0) (in fm~") for the s1,2 partial wave and
(0.25,—0.05), (0.5,0.0), and (2.0,0.0) (in fm™") for the d5»
partial wave. We take 15 points for the s, contour and 24
points for the d3/, contour. During optimization, we retain
configurations with, at most, three neutrons in the scattering
shells; this slightly affects the fit for 2°0 but allows tractable
calculations. By fitting the two-body interaction as well as the
core potential, one effectively absorbs the most important part
of 3NF.

As shown in Table I, there are nine experimentally known
states in 272°0. The J™ = 5/27 state in 20 is interpreted
as a Ods/, hole configuration; it can be described only in a
GSM-hole picture. The energy of this state provides a useful
constraint on the core potential.

The widths were not included in the fit for two reasons.
First, experimental widths are not well known; in general, they
are overestimated. Second, energies and widths of Gamow
states are correlated, which makes the optimization algorithm
unstable. In general, low-lying unbound states in neutron-rich
oxygen isotopes are expected to have small decay widths
that are primarily dominated by the d3,, partial wave. Our
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TABLEI Experimental energies (in MeV) and widths (in ke V) of
23-260) [54] compared to the results of interactions A and B employed
in this work.

Nucleus J Ecxp EA Exy
B0 12 =274 —2.67 —2.59
5/2" 0.06 (~0) 0.04
3/2F 1.26 (<1.3) 1.29 (227) 1.32 (241)
%0 ot —6.35 —6.34 —-6.29
2t —1.64(<0.63) —197(56) —1.87(60)
1" —1.03(51.24)  —1.19@311)  —1.09 (312)
%0 3/2F  —5.60(<0.77) —5.68 (48) —5.62(51)
%0 0t —633(0.1) —6.39 —6.31
2t —505(<0.5) —532(26) —523(27)

predicted widths are, in fact, consistent with other calculations
[30,55-57].

The energy of the excited J* = 1% state in >*O has not
been considered in the optimization because it does not
constrain the fit when the J* = 2*-state energy is included.
The optimization of the core potential can be better achieved
within the GSM-hole technique because it makes it possible
to include the important J™ = 5/2% level in 0 in the fit.
The core-neutron interaction is represented by a Woods-Saxon
potential defined as in Ref. [49], with the fixed diffuseness a =
0.65 fm and radius Ry = 3.15 fm. The adjustable parameters
are the ¢-dependent strengths VO(Z) and spin-orbit strength Vj,.
The effective interaction is the Furutani-Horiuchi-Tamagaki
(FHT) finite-range two-body interaction [58,59], which is
described by means of four free parameters when only
neutrons are considered. Altogether our GSM Hamiltonian
contains seven parameters that are constrained by eight known
states in 2*~260. Once the initial optimization with GSM-hole
is done (variant A), the core potential parameters are frozen
and employed in the second optimization (variant B) without a
v0ds 5 hole involved. Variant B involves four FHT interaction
parameters constrained to seven experimental levels.

The parameters of the Woods-Saxon potential obtained in
variant A are V)= = 50.1 MeV, V{=> = 54.1 MeV, and
Vso = 9.27 MeV. The FHT interaction parameters are listed in
Table II.

The energies of 2>~2°0 obtained in different optimization
variants are displayed in Table I and shown in Fig. 2. Because
the GSM-hole approximation involves a one-body potential
which depends on the two-body interaction, the levels in 220
are predicted to be slightly different in variants A and B. It is
seen that the predicted energy of the J™ = 1% state in >*O is

TABLEII. Strengths of the central (c), spin-orbit (so), and tensor
(t) terms of the FHT interaction in different spin-isospin (S,7")
channels obtained in various optimization variants. The values of
VST and V3T are in MeV and V> is in MeV fm 2.

Variant v Vol 4% v
A —9.49 —4.16 —240.1 152
B —-921 —4.13 —237.1 14.8
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FIG. 2. Energies of 2720 obtained in GSM variants A and B
and compared to experiment. The “GSM-pole” results are obtained
by using the interaction of variant B and removing the scattering
space. The widths are marked by shaded bands.

close to experiment in all cases. The optimizations A and B
are quite well constrained and result in similar interaction
parameters; hence, both yield comparable reproduction of
experimental data. This suggests that—when it comes to
predictions for 2”*2%0—there is no advantage in using a model
space including configurations containing a v0ds,, hole.

To see whether our predictions can be affected by the
configuration-space truncation, we used the DMRG method,
which enables calculations with no restriction on the number of
valence neutrons in scattering shells. Removing the scattering-
state truncations also provides a better estimate of particle
widths because the many-body completeness relation is met.

As seen in Table III, the DMRG results are practically
identical to the original GSM results, which demonstrates the
validity of the assumed GSM truncations.

IV. RESULTS

Our predictions for energies of >>?7220 and without
restriction on the number of neutrons in the continuum are
shown in Fig. 2. It is seen that the g.s. of 20 is calculated to be
bound by about 500 keV in both variants A and B, which is in

TABLEIII. Predictions for energies (in MeV) and widths (in keV)
obtained in GSM and DMRG using interaction B. The convergence
criterion in DMRG [52,53] is ¢ = 1073.

Nucleus J7r Ecsm Epmre
B0 3/2* —5.62(51)
1/2* —1.82(0)
5/2% —1.23 (79)
%0 ot —6.31(0) —6.30 (0)
2+ —5.23(27) —5.22(10)
70 3/2F —5.76 (14) —5.76 (<10)
1/2* —1.42(17) —1.43 (<10)
30 ot —6.79 —6.74
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FIG. 3. Ground-state energies of *°0 and ®O relative to **O com-
puted in the extended spd f space as a function of the renormalization
factor for the interaction B. The sd-space prediction for °0 is marked
by a dotted line.

apparent contradiction with the current experimental evidence
[17,19]. To show the effect of the scattering continuum, we
show the GSM results obtained with the interaction B by
removing the space of scattering states (“GSM pole”). While
such results are obtained in an incomplete space, they still
provide a fair assessment of the continuum coupling. When
compared to the GSM-B calculation, we conclude that the g.s.
of 2*0 and 20 gain about 500 keV and 2 MeV of binding
energy, respectively, by including the continuum space. We
note that when removing continuum couplings the g.s. energies
of 270 and 20 show a similar trend as those in the SM results.

A factor that can impact our predictions is the uncertainty
of interaction parameters. In fact, our optimization study
indicates that the FHT parameters V! and V! are poorly
constrained by the adopted dataset. However, by varying
these “sloppy” coupling constants around the optimization
minimum it was impossible to reproduce the experimental
g.s. of 2°0 and unbound 2%0.

We also investigated the impact of the increased model
space. Based on the earlier studies of dineutron correlations,
we know that threshold systems such as 2°0 are strongly
affected by couplings between positive and negative parity
states [60-63]. Consequently, extending model space by
including p and f waves could improve our predictions
for 20-280. Using the interaction of variant B as a starting
point, we computed 2220 in DMRG in a larger model space
including the p3,» and pj/, scattering continua defined by
the points (0.25,—0.05), (0.5,0.0), and (2.0,0.0) (in fm™1)
in the complex momentum plane and each discretized by
24 scattering states. We also included the ds;, f7/2, and
f5,2 real-energy continua, each represented by five harmonic
oscillator shells. To compensate for the growth of the model
space, we decreased the strength of the FHT interaction by
introducing an overall renormalization factor ranging between
0% and 15%. Figure 3 shows the resulting evolution of the
g.s. energies of 20 and 230 with respect to the g.s. energy of
240. The latter value turned out to be very weakly affected by
the increased model space. This is not surprising as the bound
g.s. of 2O is not expected to be strongly affected by dineutron
correlations.

The enlarged model space results in an increased binding
of 2°0 (by about 200 keV) and 220 (by about 350 keV) owing
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to the continuum coupling. By decreasing the interaction
strength by ~5%, one can bring the g.s. energy of 2°0 back
to the experiment value; this results in S, ~ 400 keV for
0. The two-neutron threshold in 220 decreases with the
renormalization factor: the 4n threshold is reached at an
~11% renormalization and 2280 are predicted to become
2n-unbound by about 300 keV at a ~15% renormalization.
We note that a similar outcome for 0 is obtained in the
sd-space GSM calculations based on the reoptimized FHT
interaction using a dataset with the experimental g.s. energy
of 20 shifted by 300 keV.

An estimate of the uncertainties owing to the p f-continuum
couplings missing in sd-space calculations is obtained by the
energy change of the g.s. in 27220 when renormalizing the
interaction until the g.s. of 2°0 reaches the experimental value.
Such a procedure results in shifts of 0.07, 0.25, 0.32, and
0.55 MeV, for the g.s. energies of 2>~280, respectively; these
uncertainties are represented in Fig. 1 by a shaded area. While
our analysis predicts the g.s. of 0 to be more likely bound
than unbound, it also indicates that this system has a threshold
character, with 2n and 4n thresholds being close in energy.

An interesting prediction of this work is the possible
existence of narrow states in 2O and ?’O with dominant
SM configurations based on the 1s;,, neutron hole. For those
states, the neutron emission is governed by the £ = 2 waves,
which results in small decay widths of about 80 keV for the
J™ =5/2" state of 20 and less than 10 keV for the other
states. The energies of excited states in *>O are robust with
respect to changes in the interaction, while those in 2’0 exhibit
appreciable variations. Still, for all the interaction variants
considered, there is a possibility for the J* = 1/2% state of
270 to decay through the emission of one and two neutrons. No
excited states in 2O were observed in single-proton removal
reaction from 2°F [16]. This is not surprising, as the 1s
neutron hole character of those states would result in a small
spectroscopic factor. The decay pattern of the J™ = 3/2" g.s.
of 70 is sensitive to the interaction used. According to variant
A, this state is expected to exhibit a neutron decay to the g.s. of
260y, In variant B, a one-neutron branch to the 27 state of 2°0
and a two-neutron branch to the g.s. of 2O are also predicted.

V. CONCLUSIONS

The structure of neutron-rich oxygen isotopes was inves-
tigated within the GSM + DMRG framework, which enables
the description of many-body dynamics in the presence of con-
tinuum couplings. Assuming a core of >0, we optimized the
finite-range FHT interaction to the bound states and resonances
of 27260, In this way, our predictions for 2280 are based
on a minimal extrapolation in neutron number. According to
our model, the g.s. of 20 has a threshold character; i.e., it is
either weakly bound or weakly unbound within the uncertainty
of our approach. Another prediction concerns the possible
existence of excited narrow neutron J* = 1/2% resonances
in 2270, with dominant SM configurations involving a 1s, /2
neutron hole.

The impact of the nonresonant continuum on theoretical
predictions for 2°=280 is appreciable. In particular, the effect
of the sp continuum space on the g.s. energy of 20 is
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~2 MeV; by adding pf scattering continua, g.s. energy is
further decreased by 0.55 MeV. Clearly, without considering
large continuum spaces and guaranteeing consistency with
measured energies, it is difficult to make a definitive statement
on the missing pieces of the interaction, e.g., the role of
repulsive effective 3NF. In summary, we believe that our
GSM + DMRG predictions provide a strong motivation for
further experimental and theoretical investigations in this
region.
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