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Spectroscopy of >*Ne and the N = 16 magic number
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The low-energy level structure of »Ne has been investigated following the B~ decay of °F. Beta-delayed
y spectroscopy revealed new y transitions in 2Ne at 1234, 1622, and 2090 keV. The new transitions were placed
in the level scheme of ’Ne in accordance with the observed y-y coincidences. The total 8~ decay strength has
been accounted for. The spins and parities of the first two excited states could be ascertained by comparison with
a shell model calculation and the literature. The half-life for >F decay was also remeasured using fragment-f-y

correlations, revealing a value of 90 £ 9 ms. Comparison with shell model calculations are indicative of a wider

N = 16 gap as compared to the stable nuclei.
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I. INTRODUCTION

Experimental and theoretical investigations of nuclei far
from stability have begun to alter some of the very basic
tenets of nuclear physics. One major change has been in
our understanding of magic numbers and shell gaps. It is
now apparent that shell structure can vary significantly as
a result of the variable contributions of nucleon-nucleon
interactions and many-body dynamics, depending on Z and N.
For neutron rich s-d shell nuclei, the N =20 shell gap is
weakened, leading to larger binding energy for 3*3'Na [1] and
a low-lying 27 state in >Mg [2]. This phenomenon is related
to the migration of the Ods,, orbital toward the fp shell [3].
This also causes an enhancement of the gap between the
s> and Ods/, orbitals, leading to a new magic number,
N =16 [4]. Several experimental observables suggest that
the neutron-rich N = 16 isotopes for Z = 6-8 have a magic
nature. For example, 22C, BN, and *O are the last bound
nuclei of their respective isotopic chains [5,6]. For doubly
magic 2*O the predicted lowest excited state (27) is a 1p-1h
state at 4.18 MeV, compared to the 0p-0h ground state, which
is close to the neutron-decay threshold. The nonobservation of
y transitions in a recent experiment [7] confirms that N = 16
is magic for Z = 8. However, the addition of just one more
proton in the Ods, orbital extends the drip line for the flourine
isotopes to 2F, suggesting a lowering of the 0ds), orbital and
consequent reduction of the N = 16 gap owing to the strong
proton-neutron interaction.

The existence of the N = 16 shell gap for the Ne isotopes is
not well understood, although it is proposed to be diminished
because of the increased proton-neutron interaction from the
extra proton. A single neutron removal methodology has been
widely employed to study the systematics of the d3,, admixture
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in the ground state of several even-even N = 16 isotones
for Z ~ 10 [8]. The assignment of 1/2% to the ground state
of Ne, with negligible contribution from the ds, orbital,
suggests an increase in magicity or a larger gap between the s, »
and d3, orbitals for Z = 10. More experimental information
on the ground state and excited states for nuclei with Z ~ 10
and N ~ 16 is required to further substantiate the N = 16
shell gap. The correct description of low-lying excited states
in nearby nuclei like ’Ne is important in understanding the
N = 16 shell gap.

Here we report the low-energy level structure of >’Ne,
obtained from the 8~ decay of >°F. Beta decay of >°F has been
reported earlier by Reed et al. [9]. Three new y transitions from
the decay of ’Ne were identified in the present work. The y -y
coincidences observed have helped to verify the placement of
the new transitions in the level scheme as well as of those
previously known. The 8~ decay intensities were calculated
and the complete 8-decay strength is accounted for within error
bars. The B-decay half-life of the parent nuclide, F, was also
measured from fragment-8 and fragment-S-y correlations.
Exotic transfer reactions on Mg [10,11] and a very recent
(d, p) reaction with an exotic beam (**Ne), [12] have also been
used to study the low-lying excited states in 2 Ne. The present
measurements complement these studies and allows for a clear
comparison with the shell model calculation, suggesting a
larger N = 16 shell gap compared to the stable nuclei.

II. EXPERIMENTAL DETAILS

The experiment was conducted at the National Supercon-
ducting Cyclotron Laboratory of Michigan State University.
The nuclide of interest, °F, was produced by the projectile
fragmentation of a 140 MeV/nucleon 48Ca20* peam (10-15
particle-nA) on a Be target of thickness 733 mg/cm? placed
at the object position of the A1900 fragment separator. A

fPresent address: Lawrence Berkeley National Laboratory, 300 mg/cm?> wedge-shaped Al degrader was used at the
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FIG. 1. (Color online) Time of flight vs dE particle identification
plot used to differentiate the different nuclides reaching the DSSD.

ions according to their M/ Z ratios. The A1900 magnetic fields
were setto 4.35 and 4.21 Tm with a 1% momentum acceptance.
With these settings a “cocktail” secondary beam consisting of
F, Ne, Na, and Mg isotopes was obtained. These exotic nuclides
were transported to the Beta Counting Station (BCS) [13] and
implanted in the DSSD (double-sided Si microstrip detector),
part of the BCS. A 10-mm Al degrader was placed in front
of the DSSD to ensure complete implantation within the
985-um-thick DSSD. Energy loss and time-of-flight informa-
tion were used to differentiate the different species reaching
the DSSD. A plot of time of flight versus dE is shown in Fig. 1,
where the various species reaching the DSSD are cleanly
separated. Each implantation event was recorded and tagged
with an absolute time stamp generated by a free-running clock
(30.5-us repetition rate).

Fragment-8 correlations were established in software,
where a low-energy S event was correlated with a high-energy
implant event in the same or adjacent pixels of the DSSD. Light
particles, transmitted along with the secondary beam, were
vetoed by a scintillator placed at the end of the BCS for the
purpose of increasing the fragment- 8 correlation efficiency. To
generate a decay curve, the differences between the absolute
time stamps of the correlated 8 and implant events were
histogrammed. Implant events were rejected if not followed
by a $ event within a certain time period in the same or an
adjacent pixel or if a second implantation occurred before
a B decay. This was helpful in suppressing background. A
500-ms time period was chosen for analyzing the B-delayed
y transitions from >°F, whereas a 5-s time period was selected
to generate the decay curve. The pB-delayed y rays were
detected using 12 detectors of the Segmented Germanium
Array (SeGA) [14] arranged around the BCS. The efficiency
of the SeGA was measured to be ~5% at 1 MeV. Further
details of the experimental and electronic setup can be found
in Ref. [15].

III. RESULTS

A. Half-life measurement

The decay curve for °F, derived from B-decay correlated
implants, is shown in Fig. 2 for events collected for 5 s after
the initial implantation. By using the Bateman equations for
radioactive decay series, a three-component exponential fit
was made to the decay curve. This accounted for the decay
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FIG. 2. (Color online) The decay curve for °F. Shown are the
total fit to the decay curve, which includes the parent decay, daughter
growth and decay, and the background along with the individual
components. The half-life obtained for the decay of »F is 112 +
5 ms.

of F, the growth and decay of the daughter nucleus >Ne,
and the background. Since the half-life of >*Ne is known
with good accuracy from previous work, it was kept fixed
at 602 £ 8 ms [16] during the fitting. A slow exponentially
falling background was adjusted to account for the long-lived
contaminants. The individual components and the total fit are
shown in Fig. 2. A half-life of 112 + 5 ms was obtained from
the present work. Previous measurements of the half-life of
5F are 50 + 6 ms [9], 59 + 40 ms [17], and 70 + 10 ms [18].
Hence, our result suggests a longer half-life for the decay of
25F than reported before. Since the decay curve from fragment-
B correlations could suffer from an inaccurate estimation
of the long-lived background, an additional constraint of a
y transition in ’Ne was used to generate decay curves, shown
in Fig. 3, these are also consistent with a longer half-life for
the decay of 2>F. We consider these values (89 % 12 and 91
£ 13 ms) more reliable and an average of the two values
from Fig. 3 was used to calculate the log ft values. The fit to
the decay curve was also used to estimate the initial number
of B-decaying particles implanted into the DSSD, which was
about 5500. This initial activity is required to calculate the
absolute B-decay intensities to each level of 2Ne populated
by the decay of 2°F.

B. Level scheme

The B-delayed y spectrum observed within 500 ms from
the initial 2F implant is shown in Fig. 4. The spectrum displays
y lines representing transitions in >>Ne following the 8~ decay
of 2F. The 1702-, 1613-, 2186-, and 574-keV y transitions
have been reported previously for 2Ne [9]. Three new y tran-
sitions of 1622, 2090, and 1234 keV were observed for the first
time in the present study. Decay curves in coincidence with
these y transitions yielded consistent half-lives, justifying their
place in the level scheme of ’Ne. The strong 90-keV y tran-
sition is from the granddaughter nucleus, ’Na, whereas the
1982-keV line is from >*Ne resulting from the 8-n decay of »F.
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FIG. 3. (Color online) The decay curve for >°F in coincidence
with the 574- and the 1702-keV transitions in Ne. A constant
background was assumed in both cases.

The 2236-keV transition was identified as arising from a
contaminant entering the DSSD, because of its longer half-life.

The fragment-g-y-y coincidences observed are displayed
in Fig. 5. Coincidences are observed among the 574-, the
1613-, and the 1702-keV y transitions (Fig. 4). This cascade
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FIG. 4. B-delayed y spectrum from events coming within
500 ms of a *F implant. Gamma transitions from >Ne are shown,
including the new transitions at 1234, 1622, and 2090 keV. The
90-keV y transition is from 2*Na; the 1982-keV one is from **Ne
formed by B-n decay.
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FIG. 5. The fragment-$-y-y coincidences observed from gating
on y transitions in > Ne.

of y transitions generates two excited states at 1702 and
3315keV, confirming the placement of these transitions in
Ref. [9]. Coincidences between the 1622- and 1702-keV tran-
sitions (Fig. 4) establish a new level at 3324 keV. The energies
of the other new transitions observed, 2090 and 1234 keV,
suggest that these y transitions form a different decay path for
the 3324-keV state. Based on the observed coincidences and
the energy and intensity sum rules, the proposed level scheme
for »Ne is shown in Fig. 6. Previously a tentative level at
4092 keV was placed in the level scheme of >>Ne [9], decaying
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FIG. 6. Proposed level scheme for »Ne obtained from the
B~ decay of >F to the various energy levels in >’Ne. The f-decay
branchings are shown with the log ft values for each level on the
left; the USD shell model calculations are shown on the right. The
tentative spin and parity assignments to the excited states are also
indicated.
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FIG. 7. Comparison of (i) ?Ne levels from the USD shell model
[19] (all states have positive parity), (ii) level scheme from the present
work, (iii) partial level scheme from the previous S-decay study [9],
and energy levels identified in transfer reactions: (iv) ("Li,*F) [10],
(v) (3C,”*0) [11], (vi) one-neutron knockout from 2°Ne [8], and
(vii) one-neutron pickup **Ne(d, p)> [12].

by a very weak y transition of 776keV to the proposed
3316-keV level (see Fig. 7). However, the 776-keV y transition
was not observed in this experiment and hence not placed in
the level scheme.

The absolute S-decay branching to each populated level
was calculated from the differences between y -ray intensities
feeding into and out of that level, using the measured SeGA
efficiency and utilizing the initial number of S-correlated
decay events obtained from a fit to the decay curve. The large
Qg window (13.33 £ 0.09 MeV) [20] for *F and small neutron
separation energy (~4.2 MeV) in the daughter nucleus, >Ne,
also allows for the population of neutron unbound states
after B decay. The neutron unbound states decay by neutron
emission to excited (or ground) states in daughter nuclei.
The probability of one-neutron emission after 8 decay, P,,
estimated from the y activity of the daughter nucleus, **Ne, is
23.1 + 4.5%. The values reported in the literature for P, are
14 & 5% [9] and 15 = 10% [17] obtained using neutron
detectors. The log ft values were calculated for the bound
levels in 2’Ne according to Ref. [21] using the measured
absolute intensities for Bdecay, the measured half-life, and
the Qg values from the literature [20].

IV. DISCUSSION

The proposed level scheme for 2’Ne has been compared
with s-d shell model predictions using the USD (Universal
SD) interaction [19] and previous work (Figs. 6 and 7). A firm
1/2% spin-parity assignment has been made for the ground
state of 2’Ne [8], which agrees with extreme single-particle
shell model predictions. The absence of alarge B-decay branch
to the ground state is consistent with this assignment. The
ground-state spin of °F has been measured to be 5/2% from a
one-neutron removal reaction [22]. A tentative spin assignment
of 5/2% was made to the excited state at 1703 keV by Terry
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et al. [8] after comparing the extracted momentum distribution
for these excited states with an Eikonal model. Shell model
calculations for 2’Ne using the USD interaction predict two
levels close to 1.7 MeV excitation energy with spins 3/2% and
5/2%, of which the 3/27" level is predicted to have a larger
B-decay branch. Comparison of these log ft values with the
present work suggests that the first excited level observed at
1702 keV represents the 5/2% level, consistent with the ten-
tative spin assignment from Ref. [8]. This means that the
2090-keV state is the first 3/27 exited state. This bridges the
results of the neutron pickup on **Ne [12] with the neutron
knockout reaction. In the >*Ne(d, p)*’Ne reaction studied by
Catford et al. [12], the level at 2.03 MeV is populated much
more strongly than the level seen at 1.68 MeV, and hence it
was associated with the J™ = 3/2% state, by considering the
larger spectroscopic factor for a J™ = 3/2" state. Keeping in
mind the better energy resolution of the present experiment,
we conclude that the 2.03-MeV level of Ref. [12] must be
the 2090-keV state observed in the present work and the
1.68-MeV level must correspond to the 1702-keV state. Thus
the present study clearly resolves the spin assignments for the
first two excited states in 2’ Ne, which happen to be reversed
as compared to the shell model predictions.

In the knockout reaction, a tentative assignment of 5/2% was
also made to the level at 3315 keV. This is inconsistent with
the present work, as this state has negligible direct 8 feeding.
Given that the ground state of >F is 5/2%, population of
this state is allowed by spin selection rules. In the present
study we observe a doublet of states at ~3.3 MeV, not seen
in the previous f-decay study [9]. In an earlier exotic transfer
measurement by C. L. Woods et al. [11], 26Mg(13C,14O)25Ne,
it was also proposed that the level at 3.33 MeV has two
unresolved components. A likely possibility is that the state
observed in the knockout reaction, given the limited energy
resolution, is the near-by state at 3324 keV, which agrees with
the 5/2% shell model state at ~2.9 MeV with large B-decay
branching. This leaves two choices for the 3315-keV state: (i) It
could correspond to the 3/2% shell model state at ~2.9 MeV
with small B-decay branching, or (ii) it could be the 9/2" shell
model state at ~3.59 MeV. In the first scenario, the 3889-keV
state would most likely be the 5/27 state at ~4.2 MeV, in
the second, it could be the 7/27 state at ~3.6 MeV, since the
574-keV transition should be an M1 transition given its decay
properties.

Though the shell model agrees reasonably with the
experimentally observed states, there are some noticeable
discrepancies. Most prominently, the proposed 3/2] state at
2090 keV is about 400 keV higher than the shell model state at
1687 keV. Also, it is higher than the 5 /ZT state as opposed to
the shell model calculations. This trend is correctly reproduced
by a very recent calculations by Brown [23] using a new USD
interaction USD-05 that has an expanded experimental data
base, especially for nuclei with large isospin. This suggests
that the energy of the d3,, neutron orbital rises in N =15
isotones when protons are removed from the ds;, orbital,
causing an enhanced gap between the 151/, and Od3/, orbitals
and leading to the N = 16 shell gap for Z ~ 10. Support for
this observation can also be found by looking at the level
structure of *’Mg; here one finds the lowering of the ds
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orbital with the addition of just two extra protons. The first
excited state of 2’Mg is a 3/27 state at 985 keV, compared to
2090keV for »Ne. Also, the ground state of >’Mg is found
to have a much larger admixture of the 3/2 orbital compared
to 2Ne [8]. This seems to suggest that for a more neutron
rich isotone like »Ne the 0ds/, orbital moves closer to the
fp shell, increasing the N = 16 shell gap. However, detailed
shell model calculations are required to ascertain whether the
differences seen between the experimental and shell model
energies are related to the N = 16 shell gap.

V. SUMMARY

In summary, we investigated the low-energy level structure
of Ne populated in the B decay of >F. Two new levels
and three new transitions could be identified in the present
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work. Placement of the observed transitions was confirmed
by fragment-8-y-y coincidences. Comparisons with USD
shell model calculations show a reasonable agreement with
the experimental level scheme. The spin and parities of the
first two excited states could be fixed by comparison with
shell model predictions and previous work. A clear offset
is observed, with the 3/2] experimental level lying higher
than those predicted by the shell model. This may suggest
a larger N = 16 shell gap than that assumed in the USD
interaction.
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