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γ -ray decays from excited states in 30 Ne and inclusive and exclusive cross sections were measured in the
Be(32 Mg,30 Ne + γ )X two-proton knockout reaction at incident beam energies of 99.7 and 86.7 MeV/nucleon.
The measured cross section is suppressed compared to calculations and is indicative of a reduced overlap of initial
and final state wave functions in 32 Mg and 30 Ne. We interpret this reduction as due to large 4p4h amplitudes
present in the 30 Ne ground state wave function, but not 32 Mg. Such large intruder components are predicted to
help stabilize the heavier fluorine isotopes against neutron emission.
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The region of nuclei close to the neutron dripline is
important in nuclear synthesis, and is one where weak nucleon
binding and changes in the neutron-proton ratio (N/Z) can
dramatically affect the underlying shell structure and nuclear
properties. While technical advances continue to extend the
frontier of neutron-rich nuclei, many remain beyond experimental reach and it is necessary to rely on calculation. In this
context, the near-dripline fluorine and neon nuclei, with proton
numbers Z = 9, 10 and neutron number N ∼ 20, provide a
unique region accessible to experiment, where the effects of
weak binding and increasing N/Z asymmetry coexist and
can give rise to measurable effects. It is here, for example,
that N = 20 ceases to be a “magic” shell closure [1] and
a new shell gap emerges at N = 16. This is also where a
dramatic jump in stability occurs between oxygen and fluorine,
i.e., adding one proton extends the location of the dripline an
extra six neutrons from 248 O16 to 319 F22 .
The breakdown of the N = 20 shell gap is an example of
nucleon-nucleon (spin-isospin, T = 0) interactions modifying
single-particle energies and driving shell evolution [2] as well
as deformation [3,4]. This gives rise to the well known “island
of inversion” [5–8] around 32 Mg; where nuclear shapes switch
from spherical to deformed due to the enhanced contribution
from correlations generated by promoting neutron pairs across
the reduced sd-fp (N = 20) shell gap. The enhanced stability
of the most neutron-rich fluorine isotopes has also been
linked [9] to a broken N = 20 shell and the increased contribution from correlations due to large fp-shell (“intruder”)
occupancy.
In this Rapid Communication we present data and calculations on 30
10 Ne20 , which is situated close to the last known,
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possibly last bound, isotopes of neon (34 Ne) and fluorine (31 F)
and is also within the island of inversion. The cross section
for the 32 Mg two-proton knockout reaction is measured and
is found to be suppressed compared to calculation, indicating
larger than predicted structural changes between the initial
32
Mg ground state and 30 Ne final states. The cross-section
data are used to estimate the neutron fp-shell occupation
probabilities in 30 Ne. We discuss these results in the context
of the N = 20 shell gap and enhanced stability of neutron-rich
29,31
F.
Data were taken in two experiments at the National
Superconducting Cyclotron Laboratory at Michigan State
University. In both experiments 32 Mg ions were produced by
fragmenting a 140 MeV/nucleon 48 Ca beam on a 850 mg/cm2
9
Be production target. The A1900 fragment separator [10],
operated with a 2% momentum acceptance, was used to
select and transport the 32 Mg ions to the S800 [11] beamline
where they underwent reactions on a second 9 Be target at
the target position of the S800 spectrograph. In the first
(second) experiment the 32 Mg secondary beam energy was
99.7 (86.7) MeV/nucleon incident on a 565 (376) mg/cm2
9
Be target. 30 Ne fragments were identified by momentum and
energy loss measurements at the S800 focal plane, and by time
of flight between the A1900 and S800 focal plane scintillators.
γ rays from reactions on the secondary target were detected
using SeGA (Segmented Germanium Array) [12], consisting
of seventeen 32-fold segmented germanium detectors situated
20 cm from the target in two rings at 90◦ and 37◦ relative to the
beam axis. In this configuration SeGA had ∼2% photopeak
efficiency for a 1 MeV γ ray, measured with a 152 Eu calibration
source. The segmentation allowed event-by-event Doppler
©2010 The American Physical Society
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correction to the energy of γ rays emitted from the fast moving
(v ≈ 0.4c) nuclei. The γ -ray energy resolution after Doppler
correction was ∼3%, full-width at half-maximum, at 1 MeV.
The 9 Be(32 Mg,30 Ne + γ )X knockout reaction at
∼100 MeV/nucleon involves the sudden removal of
two protons from the already neutron-rich 32 Mg nucleus, and
is expected to proceed as a direct reaction [13]. The alternative
(indirect) mechanism would involve one-proton knockout
to excited states lying above the first proton threshold
(of 17.7 MeV) in 31 Na followed by proton evaporation, and
is expected to be highly suppressed due to the low neutron
threshold (3.78 MeV) of 31 Na. A formalism for calculating
cross sections for such sudden, direct, two-nucleon removal
reactions, that combines eikonal dynamics and shell model
structure descriptions, is presented in Refs. [14,15]. There,
and more recently in [16,17] for the associated momentum
spectra of the two-nucleon removal reaction residues, it is
shown that the reaction dynamics restricts these direct removal
events to grazing collisions between the projectile and target.
This defines a (near cylindrical) volume through the projectile
surface in which the collision with the target samples the joint
position and momentum amplitudes of the wave functions of
the two removed nucleons [18]. The shell model then provides
this two-nucleon amplitude information. In the present case
they are used to provide the (two-nucleon) amplitudes for
finding a proton pair in each total J π configuration coupled
to the 30 Ne(J π ) core in the 32 Mg(0+ ) ground state.
Assessments of these model calculations have been carried out in the above references, Refs. [13,19] and elsewhere, using inclusive and exclusive data of reactions, at
∼100 MeV/nucleon, on test-case, spherical sd-shell nuclei
(remote from the island of inversion). Full sd-shell model
calculations are well studied for such systems and are expected
to be rather reliable. These analyses confirm the sensitivity of
both the cross section and momentum distributions of reaction
residues to the structure of the initial and final states, through
the spatial proximity of the removed nucleons and their angular
momentum coupling, as is encoded in the shell-model structure
amplitudes. Residue momentum spectra, probably the most
direct measure of the quality of the (direct) reaction dynamics
description, show excellent quantitative agreement with the
data available for the sd-shell test-case systems [16,17].
The γ -ray spectrum obtained in coincidence with 30 Ne is
shown in Fig. 1, and is a sum of data from both experiments.
A strong transition is seen at 792(4) keV and a weaker
γ ray at 1443(11) keV. An analysis of the spectrum fluctuations
indicates the “peak” at 1100 keV has a ∼20% chance to be a
random fluctuation and is not a strong candidate for a γ ray
(the 1443 keV peak has only a ∼10−4 % probability of being
random). The 792 keV transition confirms the 791(26) keV
peak reported in [20], where it is assigned to the decay of
the first excited J π = 2+
1 state to the ground state. The new
1443(11) keV transition is assigned to the 4+ → 2+ decay as
discussed below.
Three shell model calculations of 30 Ne are shown in Fig. 1
corresponding to different active valence spaces and/or twobody nucleon-nucleon effective interactions as described in
the caption. The main physical difference is that in calculation
“a” the 30 Ne states have only sd-shell components and a
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FIG. 1. Spectrum of γ rays in coincidence with 30 Ne. Insert: 30 Ne
experimental levels and shell model calculated positive parity levels
below the 3 MeV neutron separation energy. Calculation “a” involves
only sd-shell (0p0h) configurations and uses the OXBASH [21] shell
model code with the “universal-sd” (USD) effective interaction [22].
Calculation “b” uses the OXBASH code and WBMB interaction [8]
with two neutrons occupying the fp-shell (two holes in the sd-shell).
Calculation “c” uses the Monte Carlo shell model code and SDPF-M
interaction [23], and allows sd-fp cross-shell excitations and mixed
0p0h, 2p2h, 4p2h configurations. The second 2+ in calculation “c”
is located at 3.22 MeV.

spherical shape, while “b” and “c” include sd-fp crossshell components and 30 Ne has a strong prolate-deformed
shape. The number, n, of particles in the fp shell and
the number of holes in the sd shell is denoted npnh. The
relatively low energy for the 792 keV 2+ → 0+ transition is
consistent with a prolate deformation, β2 ∼ 0.4. Calculations
“b” and “c”, with fp shell components, reproduce a low
2+ energy, but overestimate its value. The 30 Ne (p, p ) data
[20] gave an electric quadrupole transition rate B(E2 : 0+ →
2+ ) = 460(270) e2 fm4 also consistent with, albeit with large
uncertainty, a deformed 30 Ne ground state. Our Monte Carlo
shell model calculations with the SDPF-M interaction predict
B(E2 : 0+ → 2+ ) = 348 e2 fm4 .
We will make use of the direct nature of the 32 Mg-2p
reaction to place the observed 1443 keV γ ray in the 30 Ne
excitation scheme and derive values for neutron occupancies
in 30 Ne. In 32 Mg the four valence protons occupy the strongly
bound sd shell and predominantly the d5/2 state. Two protons
removed from a (d5/2 )4 configuration can couple to J π =
0+ , 2+ , 4+ , and thus these are the final state spins directly
populated in 30 Ne. Monte Carlo shell model calculations have
been successful in describing energies and transition rates
in and around the island of inversion due to their ability
to handle the very large model space needed to include
configurations with cross-shell components. This is the first
use (test) of Monte Carlo shell model wave functions in
reaction calculations.
An inclusive 9 Be(32 Mg,30 Ne) reaction cross section of
σ = 0.22(4) mb was derived from the number of 30 Ne ions
detected in the S800 focal plane, relative to the number
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TABLE I. Two proton removal cross sections (mb). Experimantal
values for 28 Mg are from [13].
32

28

Mg-2p

Mg-2p

Expt

SDPF-M

2p2h

USD

Expt

USD

0+
1
0+
2
2+
1
2+
2
4+
1

0.13(3)

0.63

1.18

0.70(15)

1.19

0.04(1)

0.64
0.03
0.08
0.09
0.38

0.05
0.11
0.31

0.77
0.05
1.03

0.09(15)
0.15(9)
0.58(9)

0.32
0.45
1.02

Inclusive

0.22(4)

1.22

1.09

2.98

1.50(10)

2.98

0.05(1)

of incoming 32 Mg ions and target nuclei. Corrections were
applied for the data acquisition dead time, the S800 focal
plane acceptance for 30 Ne residues, and detector efficiencies.
Measured cross sections to 30 Ne states are given in Table I
together with results from three calculations using the twonucleon amplitudes derived from the calculations in Fig. 1. The
measured value for a direct ground-state population of ∼60%
+
was obtained assuming the 792 keV (2+
1 → 01 ) transition
collects all the excited state flux, as expected in a deformed
even-even nucleus. This is a robust quantity independent of
unobserved higher lying transitions. This value is reproduced
by all calculations and is substantially larger than the ∼25%
value expected if the protons were uncorrelated [18], reflecting
the enhanced spatial correlations associated with time-reversed
J = 0+ pairs.
The 1443 keV transition is placed in cascade with the
792 keV transition and could correspond to the decay
+ +
from either of the J = 4+
1 , 22 , 02 states predicted around
2.5–3.0 MeV (Fig. 1). While it is not possible to use excitation
energies to distinguish between these states, calculations show
that their direct population cross section exhibits a strong
spin-dependence (Table I and Fig. 2) and provides a way to
distinguish them. Direct population of the 4+
1 state has a larger
cross section than either the 2+
state,
and
consequently the
1,2

majority of the 75 counts observed in the 792 keV peak in
Fig. 1 would come from feeding via the 41 state. This means,
+
according to the calculation, that a ∼1500 keV 4+
1 → 21
transition should be visible in Fig. 1 with ∼30(5) counts.
The observed 1443 keV transition has 20(5) counts and is
+
thereby assigned to the 4+
1 → 21 decay. This characteristic
population pattern is also predicted and observed in the
analogous 28 Mg-2p reaction [13,15] (Table I), following 2p
removal from a (d5/2 )4 configuration.
We now return to the magnitude of the measured inclusive
two-proton removal cross section and its implications for the
neutron fp intruder structure in 30 Ne. For all shell model
wave functions used here the calculated cross sections exceed
the measured values by a factor of 4 or more. The USD
wave functions give larger values, but these are known to be
unrealistic for the nuclei of interest here. To the extent that
structural changes between initial and final states are correctly
tracked by the shell model, such changes would already
be included in the two-nucleon amplitudes and reflected in
the calculated cross section. The observed reduction in the
measured cross sections suggests the shell model is not able
to track these changes adequately. It was shown in [24], for
two-proton removal from 38 Si, the initial to final state overlaps
and the two-proton removal cross section can be reduced due
to structural changes in the dominant neutron configurations.
As discussed earlier, the calculated two-nucleon removal
cross sections and data have been tested quantitatively for
several test case, 0p0h, spherical nuclei [15,19]. The result
was that theoretical calculations overestimated the data by a
factor of 2, as shown in Fig. 3 for the test case examples:
26
Si, 30 S, 34 Ar, 28 Mg, and 54 Ti. For these nuclei σex =
Rs (2N ) × σth and the two-nucleon suppression factor Rs (2N )
took the value 0.5. This reduction of cross-section yield [25],
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FIG. 2. (Color online) Calculated (squares) and experimental
(circles) fractional population of spin J = 0+ , 2+ , 4+ states in 30 Ne
after two-proton knockout from 32 Mg. Calculated values use the
SDPF-M two-nucleon amplitudes. The calculated 2+ value is a sum
+
of the 2+
1 and 22 cross sections.

FIG. 3. Two-nucleon removal cross-section ratios, σex /σth , derived from inclusive cross section measurements and calculations
(note 54 Ti-2p is for 0+ → 0+ ). The data for the 26 Si-2n, 30 S-2n, 34 Ar2n, 28 Mg-2p, and 54 Ti-2p two-nucleon removal reactions correspond
to the test-case nuclei discussed in the text and are taken from [15,19],
and references therein. The σex /σth value for the 32 Mg-2p 0+ → 0+
reaction is also included and shows an additional suppression,
discussed in the text.

041302-3

RAPID COMMUNICATIONS

P. FALLON et al.

PHYSICAL REVIEW C 81, 041302(R) (2010)

similar to that observed in both electron- and nuclear-induced
one-nucleon removal, is interpreted as due to the use of a
small, truncated shell model space. For the 32 Mg two-proton
removal reaction, also shown in Fig. 3, σex /σth is reduced even
further. We express the 32 Mg-2p experimental cross section
as σex = [Pif Rs (2N )] × σth , where Pif is now included to
account for the reduction of the square of the initial to final
neutron state overlaps, i.e., changes beyond those present
in the shell model calculations. We associate Pif with the
neutron overlap because the proton configurations in 32 Mg
and 30 Ne are well-bound, sd-shell states and the shell model
is assumed to provide a reliable description of these. The fact
the observed σ (J ) follow the trend expected for (d5/2 )4 − 2p
removal, Fig. 2, supports our assertion that the overall scaling
is associated with changes of neutron configurations.
+
From the measured 32 Mg-2p (0+
1 → 01 ) cross section,
σex = 0.13(3) mb, and the corresponding σth = 0.64 mb
(SDPF-M in Table I) we obtain a total suppression
[Pif Rs (2N )] = 0.20(4) and, for Rs (2N) = 0.5, a value Pif ≈
0.4. Similar numbers are obtained using the inclusive cross
sections. This value of Pif can now be used to estimate the
30
Ne neutron intruder configuration. We make the simplifying
assumption, | = |φπ |φν , and write the neutron wave function as a combination of npnh excitations: |φν  = α|0p0h +
β|2p2h + γ |4p4h. One-neutron knockout data [26] indicate
32
Mg has a neutron intruder occupancy n(fp) ∼ 2, and all
evidence to date points to both 32 Mg and 30 Ne ground state
wave functions being primarily npnh (n  2) with little 0p0h.
The mismatch in σex and σth arising from the neutron overlap
function is then mainly due to differences in the 2p2h and
4p4h neutron components. With Pif ≈ 0.4 obtained above
and assuming the 32 Mg ground state is dominated by neutron
2p2h components (90%, as reported in [26]), we estimate
the 30 Ne ground state to have approximately equal amounts
of 2p2h and 4p4h components, both ∼50%. This gives an
average 30 Ne fp-shell neutron intruder occupancy n(fp) ∼ 3;
a significant increase compared with 32 Mg.
The large 30 Ne intruder (4p4h) content and difference
between the 30 Ne and 32 Mg neutron configurations deduced
in this measurement have important consequences. First, they
indicate an increasing erosion of the N = 20 shell gap through
the island of inversion (32 Mg → 30 Ne) [23]. Second, such large
intruder amplitudes are predicted (needed) [9] to stabilize
the heavier fluorine isotopes, 29,31 F, against neutron emission;
due to the increased contribution from the correlation energy
(deformation, pairing) gained from promoting more neutrons
to the fp-shell and opening the valence space.
Table II shows calculated ground-state neutron intruder
occupation probabilities for 32 Mg, 30 Ne, and 29,31 F. The
SDPF-M interaction used here provides a good description
of many nuclei (both ground state properties and low lying
spectra) from 40 Ca to 32 Mg. However, while it predicts 29 F to
be particle bound it does not bind 31 F [9]. Refinement of this
interaction to describe the intruder admixture (∼50% 4p4h)
at 30 Ne is a challenge. Extending this shell model space to
include the 2p1/2 and 1f5/2 levels is an extension that could
generate higher neutron intruder components in 30 Ne and
29,31
F. However, these nuclei are also located close to the
dripline and it is intriguing to explore other effects (e.g., weak

TABLE II. Ground state neutron 0p0h, 2p2h, 4p4h probabilities
(%) for 32 Mg, 30 Ne, 29,31 F calculated using the SDPF-M interaction
in the Monte Carlo shell model code.

32

Mg
Ne
29
F
31
F
30

0p2h

2p2h

4p4h

4.7
3.9
8.0
15.6

82.5
74.1
62.7
65.9

12.7
22.0
28.8
18.4

binding) that may effectively increase the correlation energy
and act locally.
Weak binding can influence the level spacing due to the
changing centrifugal barriers with orbital angular momentum
(l) values [27]. The wave function for a low-l orbital can extend
appreciably beyond the average nuclear radius (halo effect)
causing its energy to be less sensitive to changes in the radius
(or A), thereby altering the density of states near the Fermi
surface that could then favor multiple particle-hole excitations.
These effects are not accounted for in shell model calculations
due to the use of harmonic oscillator wave functions. In the
Monte Carlo shell model calculation of Ref. [9] the effect of a
neutron p3/2 “halo” was simulated by a 350 keV lowering of
the p3/2 state. The result was that 31 F became bound. Enhanced
30
Ne 4p4h amplitudes can also be interpreted in a Nilsson
model [28] as a consequence of larger deformation compared
with 32 Mg. It was pointed out [27] that (near) degenerate fp
levels will favor deformation.
While a fully quantitative evaluation of the effects of
extending the shell model space and of weak binding on the
shell model wave functions and overlaps is beyond the scope
of this work, we can simulate (in part) their effects through
an ad hoc lowering of the 1f7/2 and 2p3/2 single-particle
energies, each by 800 keV. This reduces the N = 20 gap and
increases the 30 Ne, 29 F, and 31 F 4p4h amplitudes to 49%, 51%,
and 36%, respectively, and so simulates the consequences
of such intruder components on the properties of 30 Ne and
+
29,31
F. The results are (i) the calculated 30 Ne 2+
1 and 41
energies are lowered to 830 keV and 2380 keV, closer to
+
experiment, (ii) the 30 Ne B(E2 : 0+
1 → 21 ) increases from
2
4
31
348 to 401 e fm , and (iii) F becomes bound as experiment
requires.
To conclude, the 9 Be(32 Mg,30 Ne) reaction at intermediate
energies was used to investigate the structure of the near
dripline nucleus 30 Ne through a combination of spectroscopy
and reaction measurements and large-scale shell model calculations. The two-proton removal cross section was found to be
suppressed compared with calculation, indicating a reduced
overlap between the initial 30 Ne and final 32 Mg state wave
functions. We interpret this reduction in terms of an increased
occupancy of neutron 4p4h intruder configurations in 30 Ne,
compared with 32 Mg. This result is relevant to the binding of
29
F and 31 F, where large intruder amplitudes are predicted to
help stabilize the heavier fluorine isotopes. It is an interesting
possibility that weak binding effects could play a role in
producing such enhanced intruder amplitudes and defining
the fluorine dripline.
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