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Refined topology of the N = 20 island of inversion with high precision mass
measurements of 3'733Na and 3'3Mg
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Mass measurements of ' 733Na and ' ~3*Mg using the TITAN MR-TOF-MS at TRIUMF’s ISAC
facility are presented, with the uncertainty of the 3*Na mass reduced by over two orders of magnitude.
The excellent performance of the MR-TOF-MS has also allowed the discovery of a millisecond isomer
in 32Na. The precision obtained shows that the binding energy of the normally closed N = 20
neutron shell reaches a minimum for 3?Mg but increases significantly for 3'Na, hinting at the
possibility of enhanced shell strength toward the unbound 0. We compare the results with new
ab initio predictions that raise intriguing questions of nuclear structure beyond the dripline.

The evolution of shell structure in atomic nuclei gives ss
us some of the most important clues for understanding so
the forces at work binding nuclear quantum systems. The e
early formulation of the nuclear shell model by Goeppert &
Mayer and Jensen [Il 2] was inferred from the so-called e
“magic” numbers (8, 20, 28, 50, 82, 126) that correspond e
to the filling of orbitals, inspired by the atomic system.

64
These shell closures are now known to evolve for nuclei o
in which the imbalance of neutrons to protons becomes o

more extreme. o

The first such illustration came from the pioneering s
on-line spectrometry work of Thibault et al. 1975 [3], e
who showed that the N = 20 shell-closure fingerprint 7
in 3'Na disappeared, demonstrating the non-universality =
of this magic number on the mass landscape. Nuclear »
theory calculations quickly followed, suggesting the exis- 7

tence of deformation-driving (so-called intruder) orbitals
that the more numerous neutrons preferred to occupy.
The phenomenon was found in neighboring isotopes, es-
tablishing what is now termed an island of inversion, as
the spherical ground state configuration was supplanted
by the deformed intruders.

A plethora of experimental and theoretical work has
continued with examination of the lighter (for example
[]) and the heavier shell closures (for a review see [5]),
notably the very recent study of the doubly magic “®Ni
[6]. While "®Ni has resisted the erosion of its N = 50
shell, theoretical studies of neighboring isotopes (e.g.,
™Cu [7]) show signs of deformation, hinting that the phe-
nomenon of inversion is more universal with the N = 20
island merging with that of N = 28 and N = 40 merging
with N =50 [g].
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In addition to theoretical interpretation, many experi-is
mental observables are required to characterize this inter-iss
esting phenomenon. A critical one is the nuclear bindingiss
energy, obtained from mass measurements. This fieldis
has evolved dramatically since the initial 3! Na measure-s
ments (see [9] and literature cited within), now offeringis
exquisite precision and sensitivity by combining the usess
of Penning traps [10] and multi-reflection time-of-flightis
(MR-TOF) [ITHI4] devices. 140

The binding energy also defines the limits of the ex-1
istence of bound nuclear systems: the drip lines. Thew
N = 20 island of inversion is of particular interest be-1
cause of its proximity to the neutron drip line, more so
because of the puzzling trajectory of the oxygen isotopesus
and the so-called oxygen anomaly [15]. 146

In this Letter, we present MR-TOF mass measure-**
ments performed at TRIUMF’s ISAC facility of 31 ~33Na
and 3'73°Mg, which cover a large area of the N = 204
island of inversion. The greatly reduced uncertainties of'*®
these mass values reveal a clear sign that the N = 20w
shell effect re-emerges towards the neutron drip line, justis
three protons below. In the absence of mass data, weiss
examine this exciting possibility in light of new ab initioss
theoretical predictions. 155

156

157

The neutron-rich Mg and Na isotopes were pro-'
duced by impinging up to 19 pA of 480 MeV proton!®
beam onto a UCx target. The Na isotopes were sur-1®
face ionized while the Mg isotopes were laser ionized
using the Ion Guide Laser Ion Source (IGLIS) and:®
TRIUMEF’s Resonant Laser Ionization Source (TRILIS)®
[16] in two measurement campaigns. These ions were's
electrostatically accelerated to 20 keV and separated®
from other contaminant ions using the high resolution?e
mass separator. As the resolution needed to sepa-ie
rate Mg from Na ions (e.g., R = m/Am = 1880 fores
31Mgt-31Na™) is comparable to the resolving power ofiss
the mass separator (R = 2000), the two species werein
simultaneously delivered through the Isotope Separatorin
and ACcelerator (ISAC) and delivered to TRIUMF’si2
Ion Trap for Atomic and Nuclear science (TITAN) for,,,
the mass measurements. The beam was continuously ac-,,
cumulated and cooled in a Radio-Frequency Quadrupole,,
Cooler/Buncher (RFQCB) [I7] that uses helium gas at,;
a pressure of 1072 mbar for buffer gas cooling. After,,,
approximately 12 ms of accumulation (80 Hz cycles), the,,
ions were sent to the MR-TOF-MS [I8] where they were,,
first further cooled in the MR-ToF RFQ transport sys-;s
tem [I9] and then injected into the ToF analyzer. In the,
analyzer, they were reflected between two electrostatic,g,
mirrors for 506-668 isochronous turns, depending on the,g,
mass number, and detected on a MagneToF detector,,
(ETP MagneTOFT™) upon extraction. This resulted in,g
a separation corresponding to a mass resolving power of g
350,000 after a Time-Resolved Calibration (TRC) [20] ise,
performed. 188

Three calibration steps were used in the derivation ofis

the final mass values: i) a TRC calibration that accounts
for drifts, ii) a peak-shape calibration that determines the
shape of the time-of-flight peaks and iii) a mass calibra-
tion that determines the final mass value using a calibrant
of well-known mass. Mass calibration was performed
solely using isobaric species while for peak-shape and a
time-resolved calibration, non-isobaric stable potassium
beam from the MR-TOF-MS ion source was used when
the rate of isobaric beam contaminants was low. An ex-
ample of a spectrum containing non-isobaric calibrants
is shown for A = 32 in Fig. Since, in this case, the
rate of the ions of interest was comparable to that of
other isobaric ions, 3%*'K* beam was injected from the
MR-TOF-MS ion source. Non-isobaric species perform a
different number of isochronous turns in the MR-TOF-
MS and can be removed by switching the Mass Range
Selector (MRS) [2I]. Fig. [1| shows a comparison of the
mass spectrum when the MRS is off (blue) and on (or-
ange), determining which species are isobaric.

The centroids of all peaks in each spectrum were de-
termined using HyperEMG fit functions [23], an example
of which is depicted in Fig. [2] Systematic errors were
evaluated and, depending on the measurement campaign
and the number of ions stored in the MR-TOF-MS during
each mass measurement, amount to a relative uncertainty
of 8.4-107% — 1.1 -10~7 which has been added quadrati-
cally with the statistical error for each mass number. For
more details about the systematic uncertainty quantifi-
cation see: [24]. The mass excess values of the Mg and
Na isotopes that were measured in the present work are
shown in Table[l] along with their corresponding calibra-
tion masses. The AME2020 [22] mass excess values and
uncertainties are also given for comparison. A visual rep-
resentation of the mass deviation from literature for the
sodium isotopes is shown in Fig.

The mass uncertainties of 343°Mg and 3!733Na were
reduced by up to two orders of magnitude. We find that
both 3°Mg and 33Na, which are the most exotic isotopes
measured, are more bound by more than 100 keV, despite
being within 1o of their previously measured values [22]
25].

As shown in Fig. a double peak appears in the
mass vicinity of 32Na™. A peak identification procedure
was applied where the mass values of all relevant stable
and radioactive ions and molecules (singly and doubly
charged, with half-lives larger than 1 ms) were compared
to the centroids of the two detected peaks. From this
study, we find two species that align with the first peak.
The first is 2H"Li**Nat which is 35 keV lighter than the
detected peak (its expected position is shown in Fig.
with a dashed line). We reject this candidate as it is over
4.50 lighter. The second candidate is the non-isobaric
'H'05 from the MR-TOF-MS ion source (its expected
position is shown in Fig. |2| with a dotted line, assum-
ing that it undergoes 530 isochronous turns). To test
whether the peak under discussion corresponds to the
non-isobaric 1H16O§r, spectra with MRS off and on in
Fig. [2] are compared. Although less intense, both peaks
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FIG. 1. Mass spectrum of the A = 32 beam (blue) highlighting the purification achieved using the Mass Range Selector (MRS)

kicker (orange). In the MRS off measurement (blue), non-isobaric species that perform a different number of isochronous turns
are allowed in the trap. Non-isobaric species are marked with parentheses. The MRS-on measurement was shorter and therefore
contains less statistics. In addition, the high resolution mass separator was fine-tuned to deliver the largest Mg yield during
the MRS-off measurement, resulting in an increased rate of 3*Mg.

Species Mass calibrant  Ionic mass ratio E (keV) MEanE (keV)  Difference (keV)
3TMg 2G0T 0.999298732(115)  -3131.8(3.9) -3122(3) -9.8(5.0)
2Mg s2g+ 1.000845711(62) -829.2(3.0) -829(3) -0.2(4.2)
Mg 'H0F 1.000232267(135)  4954.1(3.6) 4963(3) -8.9(4.7)
34Mg 'Hi50F 1.000101321(118)  8315.1(4.6)* 8323(7) -7.9(8.4)
Mg optacy 0.999882252(131)
35Mg ot 1.000209228(384)  15529.5(7.1)* 15640(270) -110(270)
35Mg Hpt2cy 1.000210554(324)
31Na 2cteotaf 0.999830942(53)  12245.3(2.6) 12246(14) -1(14)
32Na s2g+ 1.001496385(167)  18548.7(5.5) 18640(40) -91(40)
82mNa 328+ 1.001500334(76)  18666.3(3.3) - -
33Na 'H%0F 1.000838864(157)  23598.8(4.3) 23780(450) -180(450)

TABLE I. Mass Excess values of the isotopes measured in this work. The last two columns correspond to the literature values
from AME2020 [22]. The **™Na isomer excitation energy is determined to be 117.6(6.4) keV. Mass excess values with asterisk
are the weighted average of measurements that used different calibration species.

appear in the MRS-on spectrum as well. Due to the lowao
statistics, hypothesis testing was used to explore whetherzu
there are one or two peaks. The null hypothesis assumesz»
one peak in the spectrum (black fit line in Fig. whilexs
the alternative hypothesis assumes two peaks (red lineas
in Fig. . Using the Monte Carlo and the Gross-Vitellus
method [26] to determine the p-value of the distribution,zs
the alternative hypothesis is confirmed with a 40 confi-x7
dence level, confirming both peaks to be isobaric. 218

Therefore, we conclude that both peaks correspond toz2w
32Na™, with the one on the left side of Fig. beingz2z0
the ground state and the one on the right side being a
previously undiscovered low-lying isomeric state of 32Na.22
From the mass/energy difference between the two cen-,;
troids, the excitation energy of the 3?Na, isomer is deter-,,,
mined to be 117.6 (6.4) keV. 25

The mass of 3?Na was previously measured using thezs
TITAN Penning trap [27], the result of which (shown inzr
Fig. [3|in orange) is closer to **™Na than to the groundszs
state of 32Na (both shown in blue). Due to the short half-2x

life of **Na (t,/o = 13.2(4) ms [28]), the excitation used
in the Penning trap could not exceed 20 ms, limiting the
resolving power to ~ 36,000 (see [27] for the description
of the method and its limitation by the cyclotron fre-
quency excitation period). This resolving power is more
than six times smaller than the resolving power required
to separate two species of mass 32u that are only 118 keV
apart, explaining why only one species was identified in
[27]. Furthermore, the weighted average of the mass ex-
cess of our measured 3?Na and 3?"Na agrees within one
sigma with the measurement from [27], further support-
ing the hypothesis that the previous measurement is an
average of the two states.

Very recently, Gray et al. [29] reported the presence of
a microsecond isomer in 32Na - the very first such state
in the N = 20 island of inversion. Since their gamma-ray
data were only shown until 150 us after implantation, a
millisecond isomer would not have been visible. While
we did not determine the half-life of the new longer lived
isomeric state, it is comparable to the ground state with
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264

265
a lower limit of a few milliseconds. Although theoreticalzes
approaches do predict a low-lying isomer for 32Na [29],267
a dedicated spectroscopy experiment or a half-life mea-es
surement in the MR-ToF MS (such as in [30]) will beass
required to find out if the isomer that we found is thexo
same as the one predicted by theory. o

272

273
We use the new results to obtain two-neutron sep-ua
aration energies, So, = BE(Z,N) — BE(Z,N — 2)s
where BE is the binding energy obtained from the mass,2s
which are shown in Fig. [4] for Z = 8 — 18. The effectonr
of a shell closure at N = 20 — a change in slope atus
N =20 and N = 22 — can be seen for sulphur (Z = 162
- grey curve). This sharp change smooths out for thesso

20 3
\\ |
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FIG. 4. Experimental two-neutron separation energies (from
[22]) as a function of neutron number (N) for the isotopic
chains oxygen (Z = 8) to argon (Z = 18) with the new results
(red symbols) and ab initio VS-IMSRG predictions for Z =
8 — 14 from [31] (solid lines) superimposed.

magnesium and sodium isotopes showing how the shell
strength is reduced, with a new shell closure appearing
for oxygen (Z = 8 - purple curve) at N = 16.

The effects are difficult to see at the 10 MeV scale of
Fig.[dbut a derivative of this surface enables closer exam-
ination of the relative shell strength using the empirical
shell gap, defined as the difference of Ss,, at and two
neutrons beyond the shell closure: Asg, = S5,(Z,N) —
Son(Z, N 4+ 2), shown in Fig. [5| for N = 20 isotones.

The stable isotope 3¢S (Z = 16) has a “nominal” shell
strength of 4-5 MeV. Moving towards the dripline at
lower Z, this shell strength is “quenched” due to deforma-
tion in the island of inversion. The question of whether
this strength is maintained, or disappears at the dripline
is an important question for nuclear structure. The new
results (red points in Fig. |5 clearly establish a minimum
for Z = 12 as the empirical shell strength increases for
Z = 11. This significant increase, from 1.1 to 1.8 MeV,
hints at the enticing possibility that the N = 20 shell clo-
sure could recover towards the drip-line oxygen isotopes.

In the absence of experimental data, we must exam-
ine theoretical predictions. First we use the multi-shell
variant [31] of the ab initio VS-IMSRG method (Valence-
Space In-Medium Similarity Renormalization Group, de-
scribed in [35], 36]), which has been applied across the
medium-mass region [37], including the island of inver-
sion between calcium and nickel [38],[39] to compare with
our new results. The Sy, predictions obtained using
the EM 1.8/2.0 chiral effective field theory interaction
[40, [41], in large three-body spaces [42], are plotted in
Fig. 4] as solid lines, where a generally good agreement
with experiment can be seen. Despite a slight offset, the
VS-IMSRG results correctly predict the trends in the is-
land of inversion including the cross-over of Mg and Al
at N = 21 [43]. The VS-IMSRG results for the shell
gap are compared with the new TITAN result in Fig.
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330

336
337
338
They correctly predict the drop in As, correlated withss
the island of inversion. Moreover they match the mini-so
mum observed for Z = 12 and predict a gradual increasesa
of the empirical shell gap that exceeds 3 MeV for thes.
unbound 280. 343

Fig.[5| also features the first systematic application of as«
new ab initio method: Bogoliubov Many-Body Perturba-s+
tion Theory (BMBPT) [44], which now takes into accountsss
deformation, in addition to pairing [34]. For compari-s«
son, the same chiral interaction is used. Although thesss
results deviate more than VS-IMSRG, similar behaviorss
is observed for fluorine and oxygen showing a significantsso
empirical shell gap rising to more than 3 MeV. Both VS-ss
IMSRG and BMBPT approaches correctly predict thatss
260 and 280 are unbound (as shown in Fig. [4] for VS-ss
IMSRG). 354

Also included in Fig. [5| are the shell model results from
Tsunoda et al. [32] using the EEdf1 interaction, likewise
derived from chiral effective field theory. In addition to
correctly predicting the dripline, these results are in ex-
cellent agreement with the new measurements presented
here. However, the predictions are drastically different
for Z =9, indicating a strong quenching of the N = 20
shell gap. Although there are no mass data, the recent
discovery by Ahn et al. [45] that 3!'F is bound, means
that the corresponding shell gap for Z = 9 must be
lower than 1.5 MeV. Considering that the Ss, for 2°F
is 1.13(54) MeV [22] and assuming Sa, = 0 for 3'F, the
EEdf1 prediction seems quite accurate. The EEdf1 cal-
culations of [32] are extended to 3°0 here, so as to derive
a shell gap for Z = 8 in Fig. [f] Although the value also
increases, it still remains relatively low.

Fig. |5| also includes first results achieved using a new
chiral EFT interaction called NN(N4LO)+3Njg7 [33]
using the BMBPT ab initio method. This interaction
combines the chiral NN potential from Ref. [46] with a
3N interaction regulated as discussed in Ref. [47] that
includes a sub-leading contact term enhancing the spin-
orbit strength [48]. The results are striking in their pre-
dictions resembling those of the successful EEdfl with
the same trend for Z = 8-10.

The ab initio predictions for the oxygen N = 20 gap
range from almost doubly magic (EM 1.8/2.0 interaction)
to quenched (EEdf1) with the new NN(N4LO)+3N, g7
result in between. However, the energy range spans less
than 2 MeV, which is a great step forward for these state-
of-the-art approaches.

Kondo et al. [49] recently reported the discovery
of 280, obtaining crucial neutron binding energy data
that are compared to theoretical predictions (see Fig. 3
in [49]), including the EEdf3 interaction (derived from
EEdf1, cited above) and the same EM 1.8/2.0-based VS-
IMSRG results. All approaches correctly predict 220
to be unbound (although they calculate a ground state
energy that is 0.5 MeV - 2.25 MeV larger than what
was measured experimentally), with the exception of the
Gamow Shell Model [50], which predicts a (barely) bound
280. This model includes continuum effects, which can
contribute sizeable binding energy components of 0.5 to
2.0 MeV. None of the results in Fig. [f|include such effects.

Kondo et al. [49] also derived a spectroscopic factor for
280 revealing this unbound nuclide not to be of doubly
magic character, arguing for the extension of the island
of inversion all the way to (unbound) oxygen. However,
their value lies between those of closed and open shell
nuclides, indicating that other effects come into play.

Spectroscopy of 2729F by Doornenbal et al. [51] con-
firmed an extension of the “low-Z shore” of the island
of inversion to Z = 9, suggesting a “persistent reduced
neutron gap for 220.” While our shell gap for > Na starts
to increase towards the low-Z shore, it could still be con-
sidered as “reduced” since it is still small. Spectroscopy
of the unbound isotopes 28F by Revel et al. [52] and 3°F
by Kahlbow et al. [53] confirmed the island’s extension
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to Z =9, arguing against a doubly magic 280. 389

The question of shell strength beyond the proton3®
dripline was recently addressed by Lalanne et al. [54],*
who established 3¢Ca (Z = 20) as a doubly magic nu-2
cleus from an enhanced N = 16 shell gap, determined by39
a two-neutron transfer reaction @-value. Their shell gap3*
(determined using S,, values) is comparable to that of?*
the doubly magic 24O, which is remarkable in that these®
nuclides lie at each end of the N = 16 isotonic chain.3"
Moreover, the shell model calculations in [54] predict a
N = 14 shell closure for >*Ca, which is unbound. It is
therefore not out of the question for unbound nuclides to
reflect shell effects.

Clearly, future theoretical developments will have to
address the interplay of three-body and continuum ef-
fects, which unfortunately require enormous valence
spaces.

398

399
400
401

402

Despite the new data on the unbound oxygen 1sot0pes
the mass of 2*O still has a relatively large uncertainty o
(160 keV). This, as well as the more neutron-rich neon"’
(Z = 10) isotopes, will be the aim of the TITAN massmj

measurement program in the near future.
408

409

410

411

In summary, we have performed the first precision massa.
measurements of 33Na, and °Mg and we have improvedas
the precision of 31:3?Na and 3*Mg. Following the recentas
discovery of a microsecond isomer in 3?Na at FRIB, weas
believe we have discovered a millisecond isomer in thess
same nucleus, only 118 keV above the ground state. (Aar
dedicated spectroscopy measurement would be requiredas
for confirmation.) The new mass of 33Na refines the em-uo
pirical N = 20 shell towards the neutron dripline, and itseo

significantly increased value hints at the interesting pos-
sibility of the existence of strengthened shell behavior in
the unbound oxygen isotopes. Ab initio results using new
interactions and many body methods published here for
the first time, show possible shell stabilization but do not
yet agree on its extent. Precision masses are now clearly
necessary to help ab initio theory untangle the interplay
of the various effects that define the limits of nuclear sta-
bility.
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