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Low-lying neutron fp-shell intruder states in *’Ne
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The quenching of the N = 20 shell gap in neutron-rich nuclei is investigated by studying the single-particle
structure of ’Ne via neutron transfer using a 2Ne beam. Two low-lying negative-parity intruder states have
been observed, the lowest of which is identified as J™ = 3 /27, confirming earlier speculations. A level identified
as 7/27 is observed higher in energy than the 3/27, contrary to the ordering at B-stability and at an energy
significantly different from the predictions of previous shell-model calculations. The measured energies and
deduced spectroscopic factors are well reproduced in full (0,1)-iw 0s-0p-0d-1s-0 f-1p calculations in which
there is a significant ad hoc reduction (~ 0.7 MeV) in the N = 20 shell gap.
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Neutron-rich nuclei often exhibit structural behavior sig-
nificantly different from stable nuclei, with a striking example
being the “island of inversion” in the A 2~ 32 region of neutron-
rich nuclei [1,2]. The nuclei in this “island” are deformed rather
than spherical owing to residual interactions and quenching of
the N = 20 magic number through the migration in energy of
the shell-model orbitals [3]. This migration is known to be due,
in part, to nucleon-nucleon tensor forces and to three-body
NNN forces [4,5]. In adjacent more weakly bound nuclei,
the migration may also be affected by the proximity of the
continuum [6].

The N = 20 shell gap seen in nuclei near stability arises
from the separation of the Od3, orbital and the negative-parity
orbitals (0f7,2, 1p3/2, ...) of the next major shell. A sudden
collapse of this gap is observed when going from 3!Si to
Mg [7.8] (a removal of two protons from the Ods, orbital)
whereby low-lying negative-parity states appear in ’Mg.
In addition, the lowest 7/2~ and 3/2~ states appear to be
reordered, compared to nuclei closer to stability [8]. These
effects have been confirmed in the N = 15 nucleus ’Ne
[9] but cannot be reproduced quantitatively by any existing
shell-model calculations.

Recent experiments investigating >’Ne have identified two
bound states above the 3/2" ground state. A level at 765 keV
with significant single-particle strength was observed via
d(**Ne,’’Ne y)p together with a very weak level at 885 keV
[10]. Guided by shell-model expectations, the 885-keV level
was tentatively identified as the lowest 1/2% state and the
765-keV level was inferred to have a negative parity of 1/27,
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3/27, or 5/27. The 1/2% state is weak since it is populated
mainly via pair-excited components in the 2°Ne ground state,
in single-step transfer. In single-neutron knockout at higher
energies, both levels were seen and the angular momentum
of the removed nucleon was assigned as £ =0 or 1 [11],
consistent with the results from the (d, p) reaction study
[10]. These two excited states were also observed in the
p(*®Ne,>’Ney) reaction at intermediate energy [12] but no
further information concerning spins was obtained.! No
evidence for a 7/27 state has been reported, despite a clear
prediction that it should exist at an energy close to the 3/2~
state [11,15]. The most direct means to probe the evolution of
orbital energies is to measure the strength of single-particle
states where a neutron is transferred into orbitals that are
otherwise empty. The present experiment was designed along
these lines to populate the 7/2~ and 3/2~ 0f-1p shell states
and any other strong single-particle levels via (d, p) transfer
and to determine their properties.

A beam of °Ne ions (~100% pure) at 9.84 MeV was
provided by the SPIRAL facility at Grand Accélérateur d’Ions
Lourds (GANIL) and used to bombard a (CD,), target with
a measured thickness of 1.20 mg/cm?. The beam intensity
was ~2500 particles/s. The TIARA silicon array [16], which
covered 76% of 4x over laboratory angles from 36° to 169°,

! Curiously, data from '2C(*®Ne,?’Ney ) [13] exhibits only the higher
energy y ray, whereas fragmentation of S [14] shows only the lower
transition.
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was employed to detect the protons. The angles from 36° to
144° were spanned by an octagonal “barrel” of detectors and
the angles from 144° to 169° were covered by an annular
array. Four segmented EXOGAM Ge clover detectors [17],
located at 90°, surrounded the target at a distance of 54 mm.
The photopeak efficiency for y-ray detection was 10(1)% at
800 keV. Identification of the beamlike reaction products was
achieved by measuring their trajectory, energy loss, and time
of flight using the VAMOS magnetic spectrometer [18]. A
detailed description of the setup may be found in Ref. [16].

Elastically scattered deuterons were detected forward of
90° [19] in coincidence with 2°Ne events in VAMOS. As
in our earlier experiments [9,20] the normalization of the
differential cross sections was obtained by fitting the deuteron
elastic scattering data to optical model calculations using
parameters from Ref. [21]. Protons from the (d, p) reaction
populating bound states in >’Ne were selected by requiring a
?Ne coincidence in VAMOS. The measurements of the energy
and angle of the protons in TIARA were used to calculate the
excitation energy in 2’Ne.

The excitation energy resolution at backward angles, where
the proton energy was lowest, was limited by the proton
energy loss in the target. According to simulations using
GEANT4 [22], the 1.20 mg/cm? target limited the excitation
energy resolution to 630 keV (FWHM) at the backward
angles. The resolution was worse (1 MeV) at the forward
angles where the limitation was due to the protons not being
stopped [23]. Thus, it was not possible to resolve the bound
states in 2’Ne using only the data recorded with TIARA and
a gate on the y rays measured in EXOGAM was necessary to
select individual states. Figure 1 shows the Doppler-corrected
EXOGAM spectrum in coincidence with ?’Ne. The peak
measured at 767(2) keV corresponds to the decay of the 3/2~
level at 765 keV, while the counts observed at 894(13) keV
arise from the 1/27 state at 885 keV [10,11].

The spectroscopic factor of the 765-keV state was deduced
by scaling a theoretical calculation (see below) to the proton
angular distribution obtained by gating on the 765-keV y-ray
transition. The data were corrected for the y-ray photopeak
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FIG. 1. Doppler-corrected energy spectrum of y rays measured in
coincidence with 2’Ne. The strong peak corresponds to de-excitation
of the 3/27 state at 765 keV, whereas the counts around 890 keV arise
from the 1/27" state at 885 keV. The Compton edge of the 765-keV
peak is at 573 keV.
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efficiency in EXOGAM, the Lorentz boost to the y -ray angular
distribution [8(*’Ne) = 0.13c], and the geometric efficiency
of TIARA. The correction for the y-ray efficiency is the
same for each proton angle bin if the y rays are emitted
isotropically (as is the case for decays of the 1/2% state at
885 keV). In general, the y-ray distribution is anisotropic and
the details depend on the multipolarity of the radiation and
on the magnetic substate populations of the level. These vary
with proton angle. Reaction cross sections were calculated
using the adiabatic distorted wave approximation (ADWA)
method [24] for zero range with standard parameters that
have been demonstrated to produce spectroscopic factors
consistent with large-basis shell-model calculations [25].
The CHS89 [27] phenomenological nucleon-nucleus optical
potentials were used for the n + p system in the incident
channel and the proton in the exit channel [25]. Using the
calculated magnetic substate distributions and the formalism
of Ref. [28], deviations of up to 15% in the coincidence
efficiency (relative to isotropic y emission) were calculated
for individual proton angle bins [23]. This correction for the
y-ray efficiency is intrinsically dependent on the assumed
spin in >’Ne. Figure 2 shows the 765-keV y-ray-gated data
with efficiency corrections calculated assuming four different
spins for the final state in 2’Ne. Proton bins of equal width
in laboratory angle were employed in the regions 35°-85°,
95°-135°, and 150°-165°. The best fit is for the 3/27 ADWA
calculation, with a spectroscopic factor of 0.64(33). The error
of ~50% is dominated by the limited statistics for this p-y
coincidence data. The next best fit is for £ = 2 but the presence
of a second 3/27 state, or indeed a strong 5/27" state, so close
to the ground state is contrary to any theoretical expectations.
Thus, a spin of 3/2~ was deduced for the 765-keV state.
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FIG. 2. (Color online) Proton angular distributions gated on 765-
keV y rays, corrected for y-ray coincidence efficiency according to
different assumptions for the final state (see text): (a) J™ = 1/2%
€ =0),0)3/27(=1),(c)3/2" (¢ =2),and (d) 7/2~ (£ =3). A
transfer of ¢ = 1 is deduced.
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TABLE I. Comparison between experimental and calculated (see
text) excitation energies and spectroscopic factors for states in 2’Ne.
Experimental excitation energies are from [10] except for the 1.74-
MeV state (present work). For C2S, the errors include uncertainties
from the reaction model.

J" Elo Eyppm c*s
(MeV) (MeV) Ref. [10] Present WBP-M
3/2%F 0 0 0.2(2) 0.42(22) 0.63
3/2° 0.765 0.809 0.6(2) 0.64(33) 0.67
1/2* 0.885 0.869 0.3(1) 0.17(14) 0.17
7/2~ 1.74 1.686 - 0.35(10) 0.40

The y-ray statistics for the 885-keV 1/2% state gave an
uncertainty of more than 80% in the magnitude of the (d, p)
yield and a spectroscopic factor of 0.17(14) was deduced [23].
The spectroscopic factors for both bound excited states are
in agreement with previous measurements (Table I). The
quoted errors include contributions from counting statistics,
an absolute normalization uncertainty of 10%, and an esti-
mated 20% uncertainty in the reaction modeling (including
~15% variation between calculations employing Becchetti-
Greenlees [26] or Chapel Hill [29] nucleon-nucleus potentials
in the ADWA). For the 1/2% and 3/2~ states, the errors also
include a 10% uncertainty in the y -ray photopeak coincidence
efficiency.

In order to study the ground-state angular distribution,
a gate on excitation energy (E, < 200 keV) was used to
exclude the known bound excited states. The corresponding
angular distribution for ?’Ne coincidences showed a clear
signature for ¢ = 2 transfer [23]. Further, if the 765- and
885-keV yields (after correcting for the y-ray efficiency) are
subtracted from the total proton yield in coincidence with
?’Ne, the resulting angular distribution is best reproduced
by a 3/2% (£ =2) calculation. This gives a spectroscopic
factor for the ground state of 0.42(22), in agreement with
the previous transfer measurement [10] (Table I). Therefore,
no bound states other than those observed are required by the
present data. This conclusion is supported by the shell-model
calculations, discussed below, that best describe all of the states
seen here.

Protons from (d, p) reactions to unbound states in >’Ne
were also observed, in coincidence with 2°Ne in VAMOS. In
the region forward of 90° in the laboratory, protons arising
from d(**Ne, p) could be distinguished from the protons
and deuterons arising from elastic scattering (both present
in the target) by evaluating the missing momentum. That
is, the combined momentum of the light ejectile recorded
in TIARA and the recoil in VAMOS was compared to that
of the incident beam. For 2’Ne* —2°Ne + n, the momentum
of the undetected neutron was sufficiently well defined to
resolve these events from elastic scattering [23]. The energies
of protons populating unbound states in >’Ne were below the
discriminator thresholds in the annular array, so only data from
the barrel were used.

A background arising from direct breakup to the °Ne +
n + p three-body final state may in principle contribute to
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the spectra for the d(*Ne, p)*’Ne* — °Ne + n channel.
As detailed in Ref. [23], this contribution was simulated
by randomly sampling the available three-body phase space
and including experimental resolutions and the same sorting
restrictions as applied to the data. The simulated breakup
contribution was scaled so that it did not exceed the observed
yield at any angle. As expected, the breakup contribution was
largest at forward laboratory angles and negligible at backward
angles (Fig. 3). The data exhibit an isolated peak at 1.74(9)
MeV. Additional counts at higher energy could represent a
single state or indeed the combined contributions of many.
However, the effect of the detection thresholds in the TIARA
barrel is to progressively exclude counts for E, > 4 MeV,
giving the appearance of a peak. This progressive cutoff is also
present in the forward angle data, but the kinematics dictate
that the low proton energy threshold corresponds to higher
excitation energies for these angles. The width of the peak
at 1.74 MeV was dominated by the experimental resolution,
which was obtained from simulations [FWHM = 0.95 MeV
for Fig. 3(b)] [23]. A Gaussian of this width was convolved
with a Breit-Wigner shape for which the width was a fitted
parameter, with the result that I" was consistent with zero and
I' < 0.46 MeV (20 limit). The angular distribution is shown
in Fig. 4, where the uncertainties include those arising from
the normalization of the direct breakup contribution. Proton
bins of equal width in laboratory angle were employed in
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FIG. 3. (Color online) Excitation energy spectra in the (a) forward
and (b) backward angular regions of the barrel. The fits included
Gaussian peaks (see text) and a contribution from direct breakup
(shaded).
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FIG. 4. (Color online) Proton angular distribution for the un-
bound state at 1.74-MeV excitation energy, compared to ADWA
theory. The J” values used for different £ follow simple shell-model
expectations. Error bars are statistical only.

the regions 45°-75° and 100°-140°. Importantly, the apparent
higher energy peak does not have an appreciable effect on the
angular distribution.

Through comparison with ADWA calculations (Fig. 4), the
transferred angular momentum for the 1.74-MeV state was
deduced to be £ = 3. The calculations employed the method of
Vincent and Fortune [29,30] for unbound states. An alternative
analysis using a “slightly bound” form factor [31] gives
essentially identical results. From a shell-model perspective
(see below), the lowest lying £ = 3 state (by at least 1 MeV) is
predicted to be the first 7/27 level as driven primarily by the
single-particle energies. A 7/2~ assignment is thus inferred
and, as such, a spectroscopic factor of 0.35(10) is deduced.
The method of Vincent and Fortune gives the natural width of
the state to be 3.5(10) keV, which is negligibly small compared
to the experimental resolution.

Figure 5 displays the experimental *’Ne level scheme
compared to shell-model calculations. The SDPF-M [15]
interaction, in which the monopole matrix elements were
modified to produce the drip line for the oxygen isotopes,
fails completely in reproducing the energy of the 7/27 state.
Furthermore, the ordering of the negative-parity states is not
predicted correctly. This follows a similar failure for >’Ne
[9,11] and the isotone 29Mg [8].

In Ref. [32] the WBP Hamiltonian was developed for the
mass region A = 10-20 in the 0s-0p-0d-1s-0f-1p model
space. The 15s-0d part of the interaction is the USD Hamil-
tonian [33]. The data considered in Ref. [32] were mainly for
configurations dominated by the Op, 0d, and 1s orbitals. The
0 f-1p shell was added in order to account for spurious states.
As discussed in Ref. [32], the 1 ps3, single-particle energy was
determined from the strength distribution of 2~ states in the
F(d, p)*°F reaction, and the 0 f;, single-particle energy was
determined from the strength distribution of 6~ states in the
20Ne(p, n)*°Na reaction. The WBP calculations presented in
this work allowed for a maximum of 1w excitations across a
shell gap. Therefore, positive-parity states are simply USD
calculations. When the WBP interaction is used for 2’Ne,
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FIG. 5. (Color online) Level scheme for 2’Ne. The measurements
(Table I) are compared to shell-model calculations using different
interactions, including the WBP-M, which incorporates a shift of
—0.7 MeV (see text).

the lowest 3/27 and 7/27 states have configurations that
are dominated by one neutron occupying the 1p3,, and 07/,
orbitals, respectively. Although the ordering of the negative-
parity states is reproduced, the energies of these states are about
0.7 MeV too high compared to the present experiment (Fig. 5).
We have, therefore, implemented calculations employing a
modified WBP Hamiltonian (WBP-M) in which the energies of
the 0 f-1 p shell orbitals are lowered relative to the 1s-0d shell.
The level scheme for 2’ Ne with a lowering of 0.7 MeV is shown
in Fig. 5 and the spectroscopic factors are given in Table I.
The WBP and WBP-M calculations give essentially identical
spectroscopic factors whereas the latter better reproduces the
excitation energies of the negative-parity states.

Comparison was also made for these states in the adja-
cent nuclei »Ne and Mg. The ordering of the negative-
parity states was again correctly predicted with the WBP
Hamiltonian, but a shift of —1.0 MeV was required to
reproduce the excitation energies (in 2?Mg) and the spacing
between the 3/2 and the negative-parity states (in *Ne),
as shown in Fig. 6. The spectroscopic factors were again
essentially unchanged by the energy shift. Since the 3/2]
state lies higher than the USD prediction (by ~0.3 MeV) in
ZNe [9], this effect may account for up to half of the level
shift applied in the WBP-M interaction. Relative to >’Ne, the
addition of two protons (*?Mg) reduces the experimentally
observed gap between the 3/2~ and 7/2~ states from 975 to
336 keV. The removal of two neutrons (> Ne) reduces the gap
to 700 keV. In the more exotic nucleus 3' Mg, the gap reduces to
just 240 keV [35]. The WBP-M prediction is 603 keV, whereas
the sd-pf calculations of Ref. [35], finely tuned to 3'Mg,
predict 150 keV. The WBP-M calculations cannot, however,
be used to extend the Fig. 6 systematics to include >'Mg, as the
low-lying positive-parity states (including the 3/2] state) are
dominated by 2p-2h configurations [35], which are beyond
the scope of the present model.

In summary, the N = 20 shell gap in neutron-rich nuclei
has been investigated by studying the single-particle strength
in ?’Ne. In particular, the lower of two intruder states,
at 765 keV, has been identified as 3/27, which confirms
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FIG. 6. Experimental and theoretical energies, relative to the
3/2f level, of the 0f-1p states in the region of ?’Ne. The shell-
model calculations employed the WBP-M interaction with a shift of
—1.0 MeV (see text).

earlier conjectures [10,11]. The 7/2~ intruder state has been
located at an excitation energy of 1.74(9) MeV, 0.33(9) MeV
above the neutron emission threshold. Thus the 7/27 state
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is higher in energy than the 3/2~ state, contrary to the
ordering at B-stability. This is, however, consistent with the
ordering in the N = 17 isotone Mg [8] and the N = 15
isotones 2Ne [9] and >’Mg [34]. The SDPF-M interaction
is unable to reproduce the energies or ordering of these
negative-parity states. Using the WBP interaction, with the
single-particle energies of the 0 f-1p shell lowered so as to
reduce the N = 20 gap by 0.7 MeV, the shell-model predicts
the energies and spectroscopic factors of the states in 2’Ne
remarkably well. A slightly larger reduction of 1.0 MeV is
required for the adjacent nuclei »Ne and *Mg. It would be
interesting to develop a new interaction that would succeed
in reducing the effective gap between the 0ds/, orbital and
the 0f-1p shell in a natural way, without the need for ad
hoc changes. Finally, the investigation of the present results
using models which include explicitly the continuum would be
welcome [36].
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