The discovery of °N and the limits of existence of atomic nuclei

R.J. Charity ®,! J. Wylie®,2 S.M. Wang

;34 T.B. Webb,> K.W. Brown,? G. Cerizza,?

Z. Chajecki,® J.M. Elson,! J. Estee,? D.E.M Hoff,! S.A. Kuvin,” W.G. Lynch,? J.
Manfredi ®,2:* N. Michel ®8 D. McNeel,” P. Morfouace ®,> W. Nazarewicz ®,2 C.D. Pruitt,®
C. Santamaria,? S. Sweany,? J. Smith,” L.G. Sobotka ®,1> M.B. Tsang,? and A.H. Wuosmaa’

! Department of Chemistry, Washington University, St. Louis, Missouri 63130, USA.
2 Facility for Rare Isotope Beams, Michigan State University, East Lansing, Michigan 48824, USA.
3Key Laboratory of Nuclear Physics and Ion-beam Application (MOE),
Institute of Modern Physics, Fudan University, Shanghai 200433, China.
4 Shanghai Research Center for Theoretical Nuclear Physics, NSFC and Fudan University, Shanghai 200438, China.
5 Department of Physics, Washington University, St. Louis, Missouri 63130, USA.
S Department of Physics, Western Michigan University, Kalamazoo, Michigan 49008, USA.
" Department of Physics, University of Connecticut, Storrs, Connecticut 06269, USA.
8 Institute of Modern Physics, Chinese Academy of Sciences, Lanzhou 730000, China.
(Dated: November 1, 2022)

The boundaries of the Chart of Nuclides contain exotic isotopes that possess extreme proton-to-
neutron asymmetries. Here we report on two of the most exotic proton-rich isotopes where at least
one half of their constitute nucleons are unbound. While the ground state of 3C is a resonance, its
first excited state lies in the diffuse borderland between nuclear states and fleeting scattering features.
Evidence for °N, with seven protons and two neutrons, is also presented. This extremely proton-rich
system represents the first-known example of a ground-state five-proton emitter. The energies of
these states are consistent with theoretical predictions of an open-quantum-system approach.

Nuclei with large imbalances between their constituent
numbers of protons and neutrons can have exotic prop-
erties. The largest imbalances occur beyond the proton
and neutron drip lines where the nuclear ground states
(g.s.) are unbound. Because of the odd-even staggering
of the drip lines induced by the nucleonic superfluidity,
the shedding of unbound protons is usually terminated in
an even-Z, particle-bound residue. Thus just beyond the
proton drip line one is likely to find single-proton emit-
ters for odd-Z isotopes and two-proton (2p) emitters for
even-Z isotopes [1, 2]. Even further removed, one finds
3p and 4p emitters. Presently, B, *F, 1"Na, and 3'K
are known 3p emitters [3-6] and ®C and 8 Mg have been
observed to decay by emission of four protons [7, 8].

Moving outward past the drip lines, the decay widths
of the low-lying states increase, eventually melting into
an unresolvable continuum as their lifetimes become
commensurate with typical reaction and single-particle
timescales. Here, the very notion of the nuclear state
becomes questionable as the timescales are too short to
talk about the existence of a nucleus. Indeed as dis-
cussed in Ref. [9], if a collection of nucleons survives for
less than about 10722s, it should not be considered a
nucleus. In this regime, the decay properties manifest
themselves as scattering features rather than well-defined
resonances. The maximum decay width at the boundary
for A = 8, based on single-particle timescales, is of order
'=3.5 MeV [10].

The 4p emitter 8C has one half of its nucleons in the
continuum and the remainder constitutes an a-cluster.
The nucleus °N is even more extreme with an additional
proton in the continuum, so it is hard to imagine that the

traditional concept of a nuclear state is well-established.
On the other hand, insights can be gained from other
unbound clusters of nucleons. Unlike the g.s. of 8C, the
dineutron is not a real resonance but an antibound state
[11]. Here the attractive interaction between the two neu-
trons is just insufficient to produce a bound state, but
the nearly-bound nature is manifested by enhanced n+n
scattering just above threshold and strong final-state ef-
fects. The diproton is a subthreshold resonance [12, 13]
and is formally neither an antibound state nor a reso-
nance (though closer to the latter), and again manifests
itself by enhanced scattering strength and final-state ef-
fects. While there have been some recent suggestions of a
tetra-neutron resonance, what was observed [14, 15] may
instead be a final-state effect [16, 17]. Similar situations
might occur in the first excited state of ®C and the g.s.
of °N and ?He as presented in this work.

The nucleus ?N has three neutrons less than the light-
est particle-bound nitrogen isotope 2N and one more
proton than 8C into which it decays. The neighboring
isotope 1N has only been observed in three studies [18-
20]. It has low-lying states which are single-proton res-
onances although their structure is not well established.
Some indication as to the structure of °N can be gleaned
from its mirror partner °He for which low-energy struc-
tures decay by the n+8He channel.

Particular interest in °He is due to the parity inver-
sion of the ground-state spin for odd N = 7 isotones
with large neutron excesses when the second s; /o neutron
single-particle orbital intrudes into the p shell [21]. Most
studies agree that there is a 1/27 resonance ~1.2 MeV
above threshold for “He (see Ref. [22]), but there is less
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agreement about its width [22-24]. A number of studies
find some 1/27 strength below this resonance [22, 24-27]
although this strength in some studies in not sufficient to
justify a notion of a state [24, 27, 28].

Ezxperiment.—An E/A=69.5MeV secondary beam of
130 (4x10° pps, purity 80%) was produced from the
Coupled Cyclotron Facility at the National Supercon-
ducting Cyclotron Laboratory at Michigan State Univer-
sity. Charged particles created in the interaction with
a 1 mm-thick °Be target were detected in the High Res-
olution Array (HiRA) [29] consisting of 14 E-AFE tele-
scopes covering scattering angles from 2.1° to 12.4°. See
Supplemental Material (SM) [30] for more details. States
in N (8C) were produced by knocking out 3 neutrons
and 1 (2) protons from the projectile and identified us-
ing the invariant-mass technique. Data from this exper-
iment pertaining to the first observation of 1O [31, 32]
and '3F [4] as well as other previously-known isotopes
[33-35] have already been published.

Invariant-Mass Spectra.— The detected 4p+a events
have significant contamination from '20—4p-+2a events
where only one of the two « particles are detected. The
subtraction of this background in the four-proton decay-
energy (Q4p) distribution of 8C is discussed in SM. The
resulting background-subtracted distribution in Fig. 1(a)
displays a broad structure at 4, ~7 MeV in addition to
the 8C g.s. peak at 3.5 MeV. Of the possible intermedi-
ate states in the decay of 8C, only the °Be g.s. resonance
can be easily observed in the decay correlations because
of its relatively narrow decay width. Its magnitude, as a
function of @4y, is obtained from fitting this resonance in
the invariant-mass spectrum of the 2p+a subevents (see
SM). This gated 8C distribution [Fig. 1(b)] has similar
peak structures to the ungated version, but the back-
ground under the Qu, ~7 MeV feature, and at higher
energies, has been significantly reduced.

The decay-energy (Qsp) distribution from all detected
5p+a events is quite wide and contains no prominent
“narrow” peaks. However the distribution gated on a
narrow intermediate state (both panels of Fig. 2) reduces
the structureless background similar to that found for the
4p+a events. In this case, we have gated on the 8C in-
termediate state which restricts the resulting distribution
to Qsp <10 MeV (see SM for details). This final distri-
bution appears to have two peaks and thus may be a
doublet rather than a singlet although the statistics is
marginal for this distinction.

Theoretical models.— Since continuum effects are
strong for both #C and °N, we used the complex-energy
Gamow Shell Model (GSM) to determine the theoret-
ical location of the nuclear states of interest as it has
been used to study many weakly-bound and unbound
systems [36-38] including the g.s. of 8C [39]. GSM dif-
fers from the traditional closed-quantum-system nuclear
shell model as it allows for bound, scattering, and Gamow
resonant states to be treated on equal footing by imple-
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FIG. 1. Invariant-mass spectra for 8C. (a) contamination-
subtracted decay-energy spectrum for all 8C fragments. (b)
contamination-subtracted distribution where the decay in-
volves a 9Be intermediate state. The red curves show fits
to these distribution assuming two peaks and a smooth back-
ground (blue dashed curves).

menting the Berggren basis.

Calculations for 8C and °N were performed by assum-
ing an « core surrounded by four and five valence protons,
respectively. We used the same valence-space Hamilto-
nian as described in previous GSM studies [39-41] with
the parameters given in SM. The GSM predictions for
experimentally determined states are presented in Fig. 3,
with the predicted low-lying states tabulated in SM.

The properties of the low-lying states in °N were
crosschecked by the Gamow-Coupled-Channel (GCC)
method [42], which is a three-body framework utilizing
the Berggren ensemble. Based on a large proton-decaying
branching ratio and spectroscopic factor (S2 , = 0.87

S1/2
and S2 = 0.80 according to GSM calculations), *N
1/2

can be described as a 8C+4p two-body system. To inves-
tigate the decay properties, the low-lying states obtained
by GCC were propagated using a time-dependent frame-
work [43].

Discussion.— The GSM calculations predict the 2%
first excited state of 8C at energy ~8.3 MeV while an
alternative approach using the complex-scaling technique
predicts a value of 6.4 MeV [44]. The broad structure
seen in both 8C decay-energy spectra of Fig. 1(a) and
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FIG. 2. Fits to the selected p+°C g.s. distribution. (a) Fit
with a single-peak parameterized by an R-matrix lineshape.
The fitting was made to the integrated yield in the ten bins
shown at the top of this panel. (b) A two-peak fit where
the upper peak mean energy and width are set to the GSM
predictions for the J"=1/27 state of °N. The green dotted
curves show contributions from each peak. The dependence of
the detection efficiency as a function of @5, as determined in
our Monte Carlo simulations (see SM) is shown by the dashed-
magenta curve. In both panels, the p+5C g.s. threshold is
indicated by an arrow.

1(b) peaks roughly in between these values and thus is a
candidate for the 2% state. As this structure is present
when there is a °Be intermediate state, then its decay is
similar to the g.s. in that it decays by two sequences of
2p decay [3].

The spectra in Fig.1 were jointly fit each with two
peaks (g.s. and 27) where the broad asymmetric line-
shape for the 27 state was taken for diproton emission to
%Be in the R-matrix formulation assuming zero relative
energy of the two protons [45]. These shapes were convo-
luted with the experimental resolution (see SM) and they
were assumed to sit atop smooth backgrounds. Other
lineshapes could be considered, but the largest source
of uncertainty comes rather from the parameterization
of the background and the low statistics. In terms of
quantities that are less dependent on the line-shape pa-
rameterization, the maximum of the 2% lineshape occurs

at E=7.1(1.1) MeV and its FWHM is 4.5(1.1) MeV.

With such a large width, the 27 state is located in
the diffuse borderland between a true resonance and a
scattering feature. The fitted width is in better agree-
ment with the complex-scaling value of 4.3 MeV than
the smaller value of ~1.5 MeV from the GSM. In the
complex-scaling calculations, other excited states are all
significantly wider and they could possibly contribute to
the smooth background at higher energy. On the other
hand, the GSM model predicts some narrower excited
states. There is a suggestion of an experimental peak at
E ~12 MeV in Fig. 1(b). This possible peak could be a
3~ state predicted at ~13 MeV in the GSM.

Moving on to ?N, the @5, distribution for the selected
p+8C(g.s.) events was fit assuming both a singlet and
a doublet. The theory behind minimizing y? requires
that the errors for each data point are associated with a
normal distribution [46]. This is not the case for the low
and high-energy tails of our distribution where there are
only a couple of counts in each bin and the statistics are
described by Poisson distributions. We have therefore
followed the advice of Ref.[46] and made the bin sizes
larger in these tail regions to increase the counts. The 10
bins used in the fitting are shown at the top of Fig. 2(a)
and we fit the integrated yields in these bins, but for
display purposes, we still show the data and the fit using
the original constant bin size in Fig. 2.

While the quality of a fit is often judged from the re-
duced 2, this quantity is not defined in a non-linear fit
[47] such as the present case. Rather we note that in a
good fit, the deviations of the data points from their fit-
ted values relative to their standard error should follow a
standard normal distribution (mean=0, variance=1) [47].
This can be gauged with the Anderson-Darling test [48]
where the resultant p-value takes values from zero (bad
fit) to unity (good fit). Fits can be rejected at the 1 —p
confidence level.

Figure 2(b) shows an example of a two-peak fit of
high quality with a p value of 95%. Here, the R-
matrix parameters of the 1/2~ peak are adjusted so that
its S-matrix pole is consistent with the GSM predic-
tion. With this constraint, the fitted values for the 1/2%
strength are Q1,=2.50(21) MeV [Q5,=5.98(21) MeV]
and I'=1.81(53) MeV in excellent agreement with the
GSM predictions of Q5,=5.56 MeV and I'=1.74 MeV.
Another fit was made with the same 1/27 lineshape but
with the J7=1/27 strength described by the GCC line-
shape as a sub-threshold resonance. The fit (Fig. S4(b)
in SM) is not as good with p = 42% but cannot be totally
discarded.

The presented two-peak fit in Fig. 2(b) is not unique
and multiple R-matrix solutions lie along a long-narrow
x? valley in fitting-parameter space where the intrin-
sic widths of the 1/2% and 1/27 peaks are strongly
anticorrelated and cannot be individually constrained.
However, the peak energies from the poles of their S-



matrices are well constrained with Qs,(1/27)=6.0(1) and
Q5p(1/27)=8.1(1) MeV in agreement with predictions.
In all two-peak fits, the 1/27% state is a true resonance
(0 < 45°, see inset of Fig. 4 for definition), however GCC
subthreshold line shapes can also reproduce the 1/2%
strength at reduced probabilities.

The consistency with the GSM predictions adds cre-
dence to the two-peak fits, but there is still the possi-
bility, at lower probability, that we observed a single-
peak structure. In the R-matrix parameterization only
an /=0 resonance is capable of reproducing the width of
the observed structure. The best single-peak fit, shown
in Fig. 2(a), looks reasonable apart from one data point
at Qsp ~ 8.2 MeV which is 3.20 from its fitted value.
The quality of this fit is characterized by a p-value of
38% which does not allow us to reject it with total con-
fidence. From the fit, the pole of the p+%C S-matrix is
determined at Q1,=1.22(16) MeV and I'=2.59(23) MeV
(0=23°). Such a wide 1/27 level is approaching the dif-
fuse borderland region for a real resonance. We have
also considered fitting the data with a single subthresh-
old lineshape described by the GCC model, but this is
largely rejected with p=7.3% (Fig. S4(a) in SM).

To provide insights into the nature of the 1/27 state
in °N, GSM calculations were performed for its mirror
partner, “He, using the same Hamiltonian parameters.
Figure 3 shows the experimental spectrum is reproduced.
While previous studies using the Berggren basis have in-
dicated that the 1/2% state in “He is a resonance [40, 49],
these calculations introduced some artificial binding to
stabilize their results due to the choice of the basis (see
SM for details). When the continuum effect is properly
taken into account with a deformed scattering contour
[50], one can generate an antibound 1/2% pole in ‘He,
which has the best agreement with experimental data.

Although it is not possible for antibound poles to
emerge in proton-rich nuclei due to the Coulomb inter-
action [42], we followed the same procedure as in “He to
determine if the 1/2% state in N is a resonance or sub-
threshold resonance. The predicted 1/2% state has an
energy of E = 2.08 MeV above the 8C+p threshold and
I' = 1.74 MeV which indicates a proper resonance state.
It must be noted, however, that the 1/2% state in GSM
is very fragile with respect to changes of the Hamiltonian
and the Berggren basis, so we cannot with certainty rule
out a subthreshold resonance.

To pin down the very nature of the 1/2% structure
in °N, more experimental studies are needed. Although,
as shown above, it is difficult to distinguish a scatter-
ing feature from a proper resonance through spectrum or
cross-section analysis, the time-dependent survival prob-
ability, as a physical observable, offers a way. As shown in
Fig. 4, a proper resonance (the 1/27 state) usually would
first decay exponentially, and then transition to a power-
law decay due to the non-resonant continuum component
[51, 52]. However, as the analog of the s-wave virtual

5p+a

FIG. 3. Level diagrams of C and °N obtained experimen-
tally and calculated with the GSM. Energies are given relative
to the *He threshold. The level diagram of °He, a mirror part-
ner of °N, is shown in the inset. The 1/2% antibound state
in °He is shown with a wavy line to indicate its status more
as a scattering feature rather than a real state. The proposed
1/27 state in N is shown with both straight and wavy lines to
indicate the uncertainty as to its nature (a resonance or scat-
tering feature) while the GSM interprets it as a resonance.

state, the 1/27F state of ?N starts to depart from the expo-
nential decay from the beginning when approaching the
subthreshold region (# > 45°). In this case, the strong
continuum component reveals the structure as a scatter-
ing feature. A measurement of the survival probability,
however, represents an appreciable challenge for experi-
ment due to the short lifetimes and very low production
rates of nuclei located in the extremely proton-rich region
of nuclear landscape.
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FIG. 4. Survival probabilities for °N levels as functions of time
calculated for (a) 1/2% and (b) 1/27 states. The calculations
were carried out with the GCC model with the depth V4 of
the Woods-Saxon potential varied between —64MeV (solid
line) to —54 MeV (dashed line). 6 is the polar angle of the
pole in the complex momentum k-plane. The dotted lines
indicate the exponential-decay lineshape at short times. Also
shown is the survival probability for the virtual 1/2" state
(dash-dotted line; the time unit T o is taken as 40 fm/c).

Both 8C and ?N shed their excess protons by a se-



ries of single-proton and prompt 2p decays. The 4p-
emitter ®Mg also decays in this manner [8], suggesting
this behavior is typical for isotopes at the limits of ex-
istence. Our analysis suggest that some observed struc-
tures, sometimes interpreted in terms of nuclear states,
should be rather viewed as fleeting features lying outside
the Chart of Nuclides.

Conclusions.— We have made the first observation of
the nuclide °N produced from multi-nucleon knockout
from a 0 beam. The invariant-mass spectrum of de-
tected 5p+a events each containing an C g.s. as in-
termediate state displays a structure which can be in-
terpreted as two peaks, although a single peak solution
cannot be total discounted. This nuclide has also been
studied theoretically in the Gamow Shell Model where
the important effects of the continuum are included. The
predicted location and widths of the 1/2% and 1/27 res-
onances are in excellent agreement with experimental re-
sult giving further evidence for the preferred two-peak so-
lution. The 1/2% resonance, the mirror of an antibound
state in “He, is most likely a true resonance rather than a
subthreshold resonance, but the latter is not completely
ruled out in both the experiment and in theory. The 2+
state in the neighboring nuclide 8C has also been inves-
tigated in the same experiment. Its width is very wide
I'=4.5(1.1) MeV which puts it at the borderland between
a real resonance and a scattering feature.
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