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The first direct experimental evidence of a multiparticle-hole ground state configuration of the neutron-rich
3Mg isotope has been obtained via intermediate energy (400 A MeV) Coulomb dissociation measurement.
The major part ~(70 & 13)% of the cross section is observed to populate the excited states of *>Mg after the
Coulomb breakup of **Mg. The shapes of the differential Coulomb dissociation cross sections in coincidence
with different core excited states favor that the valence neutron occupies both the s,,, and p3,, orbitals. These
experimental findings suggest a significant reduction and merging of sd-pf shell gaps at N ~ 20 and 28.
The ground state configuration of 33Mg is predominantly a combination of 32Mg(3.0,3.5 MeV;27,17) @ vy, 2
?Mg(2.5MeV;2") @ vy, ,,» and *Mg(0;0") @ v,,,,. The experimentally obtained quantitative spectroscopic
information for the valence neutron occupation of the s and p orbitals, coupled with different core states, is in

agreement with Monte Carlo shell model (MCSM) calculation using 3 MeV as the shell gap at N = 20.

DOI: 10.1103/PhysRevC.94.034304

I. INTRODUCTION

The observation of the breakdown of traditional magic
numbers [1] in exotic nuclei far from the S-stability line
has been an important issue in nuclear structure physics
and significant effort has been put into both experimental
investigations [2—12] and theoretical studies [13-16]. The
first observation of the disappearance of the so-called magic
number was reported by Thibault et al. [2], based on mass
measurements of the neutron-rich 3"'3?Na isotopes [2]. Later a
similar observation was also reported for ** Mg [3]. The onsets
of deformations in the nuclei 32Mg [4], *'Na [5], and **Ne [7]
at N = 20 shell closure were also observed. These phenomena
were proposed to originate due to substantial contributions
from so-called intruder pf configurations over the normal sd
shell in the ground state wave functions. It is possible that the
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sd-pf shell gap (N = 20) is reduced. The N = 20 isotones
for Z ~ 10-12 are considered to belong to the so-called island
of inversion [13]. The breakdown of the N = 20 shell gap
can be explained by the nucleon-nucleon interaction (strongly
attractive monopole interaction of the tensor force) [14,15].
Fortune [16] has shown that the measured data on the reduced
matrix element of the first excited 2 state of the 32Mg [4]
can be explained by a dominant sd-shell configuration in the
ground state of this isotope.

Hence, it is important to study detailed shell configurations
of the ground state of the neutron-rich N = 21 isotones.
Many different experiments [3,6,8—12] have been performed to
unravel the structure of **Mg (N = 21) but until now neither
the ground state parity nor the shell configuration has been
confirmed. From the measured negative sign of the magnetic
moment, a pure 3p-2h ground state configuration and 3/2~
ground state spin and parity were suggested [10]. In contrast,
3/2% ground state spin and parity with a 4p-3h or 2p-1h
configuration was assigned through B-decay measurements,

©2016 American Physical Society
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i.e., ¥Mg to ¥ Al [9] and ¥*Na to **Mg [6]. A narrow longitu-
dinal momentum distribution (150 + 3 MeV/c) of ¥*Mg was
observed in the knockout reaction of this (S, = 2.22 MeV)
nucleus [11]. The measured longitudinal momentum distri-
bution was in good agreement with both ground state spin of
either3/2* or 3/2~, considering mixed configurations of **Mg
in excited states coupled with a neutron in the sd-pf shell
[11,12]. In this article, we report the first direct experimental
evidence for a multiparticle-hole ground state configuration of
the neutron-rich **Mg isotope, and significant reduction as well
as merging of the sd-pf shell gaps at N = 20 and 28, obtained
via intermediate energy (400 A MeV) Coulomb dissociation
measurements. This article reports detailed major components
of the ground state configuration of this neutron-rich nucleus
with an original view of its exotic structure.

II. EXPERIMENT AND ANALYSIS

The experiment (GSI: S306) was performed using the
FRS-ALADIN-LAND setup at GSI Helmbholtz Centre for
Heavy Ion Research in Germany, Darmstadt. The radioactive
beam, Mg, was produced by fragmentation of an “’Ar
beam of energy 540 A MeV. After the separation by the
fragment separator (FRS) [17], the beam (~2% of the total
cocktail beam at the reaction target) was transported to the
experimental site, where complete kinematic measurements
were performed using secondary 2 Pb and '2C targets and an
empty target. The target was surrounded by 160 Nal detectors
used for detecting the y rays from the excited nuclei. The
y rays were reconstructed through the add-back procedure
among neighboring crystals of highest energy deposition
followed by Doppler correction. The y-sum energy spectra
was obtained by adding the coincident y rays. A detailed
response corresponding to detection of the y-rays has been
generated using the Monte Carlo code (GEANT). The detection
efficiencies of the y rays under the experimental condition
have been estimated by the GEANT simulation. Validation of
the simulated results has been performed by comparing the
experimental data of standard calibrated y-ray sources with
the simulated one. The efficiency of the sum-energy spectra
of simulated and experimental data are in agreement within
10%. After the reaction at the secondary target, the reaction
fragments as well as the unreacted beam were bent by a large
dipole magnet and ultimately detected at the time-of-flight
wall detector. By the use of energy-loss and time-of-flight
measurements, as well as position measurements in front
and behind the dipole magnet, the nuclear charge, velocity,
scattering angle, and mass of the fragments were determined.
The emitted neutrons from the excited projectile were forward
focused and tracked with the Large Area Neutron Detector
[18]. For details of the setup, see Refs. [19-21].

The excitation energy E* of the projectile, **Mg, prior
to decay is obtained by reconstructing the invariant mass by
measuring the four momenta of all the decay products of the
projectile after breakup [22-25]. The Coulomb dissociation
(CD) cross section for the 2%*Pb target (2.0 g/cm?) has been
determined after subtracting the nuclear contribution, which
was estimated from the data for a '>C target (0.9 g/cm?) with
proper scaling factor (1.8) [26].
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The experimental data on the electromagnetic excitation
to the nonresonant continuum has been analyzed using the
direct breakup model to explore the ground state configuration
[22-25,27].

III. COULOMB BREAKUP

When a projectile passes by a high-Z target, it may be
excited by absorbing virtual photons from the time-varying
Coulomb field and subsequently breakup into a neutron and
core. This one-neutron-removal differential Coulomb dissoci-
ation (CD) cross section can be expressed as an incoherent sum
of the components of do" /d E* corresponding to the different
the spin and parity core states populated after breakup. This
can be expressed through the following equation [22]:

do” 1673
— = Ng(E* C*S(I7 ,nlj
JE ohe E1( )2,': (17 .nlj)

x 3" [(al(Ze/ Ar Vi) [

m

ey

where Ngi(E™) is the number of virtual photons as a function
of the excitation energy E* [28]. v,,;;(r) and (g| represent
the single-particle wave function of the valence neutron in
the projectile ground state and the final state wave function
of the valence neutron in the continuum, respectively. The
single-particle wave functions are calculated in a Wood-Saxon
potential with radius ry = 1.25 fm and diffuseness ¢ = 0.7 fm.
The outgoing neutron wave function in the continuum is
considered to be a plane wave. C>S(I7,nlj) represents the
spectroscopic factor with respect to a particular core state 17
of the valence neutron in the projectile ground state.

By comparing the experimental CD cross section with the
calculated one, information on the ground state properties,
such as the orbital angular momentum of the valence nucleon
and the corresponding spectroscopic factor, may be obtained.
The core state, which is coupled with the neutron, can be
identified by the characteristic y rays from the decaying core
after the breakup. In order to compare with the experimental
results, all the calculated results shown in this article are
convoluted with the response function [24,29].

IV. RESULTS AND DISCUSSION

The total inclusive Coulomb dissociation cross section for
3Mg — 3>Mg + neutron, integrated up to 9 MeV excitation
energy, amounts to 106 = 14 mb. Figure 1 shows the total
CD cross section for **Mg — 3>Mg + n. No resonance-like
structure is observed in the excitation spectra of **Mg (Fig. 1).
The total inclusive experimental differential CD cross section
has been fitted using the calculated one. The insets of Fig. 1
(left) and Fig. 1 (right) show the x2/N for fitting with variation
of the valence neutron spectroscopic factor in the s and p
orbitals, respectively. The best fit suggests that the valence
neutron coupled with **Mg (0%) in the ground state cannot
explain the data.

Figure 2 (top) shows the sum-energy spectrum of the y
rays decaying from the excited states of **Mg after Coulomb
breakup of **Mg. This spectrum is obtained in coincidence
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FIG. 1. Total inclusive differential CD cross section with respect
to the excitation energy (E*) of **Mg. The smooth curve is the cross
section on the basis of a direct breakup model using a plane wave
approximation for the s (left panel) and the p orbital (right panel)
neutrons, respectively. The inset of the each panel of the figure shows
the x2/N for the fit of the direct breakup model calculation to the
experimental differential CD.

with the incoming beam **Mg, the outgoing fragment **Mg,
and one neutron. This spectrum reflects the ground state
configuration of **Mg as the reaction mechanism demands
[22]. The y-ray spectra from reactions with high-energy
projectiles on high-Z targets are strongly affected (up to
energies of a few MeV) by the low-energy background.
This background originates from atomic interactions of the
beam with the lead target [30]. The shape of the low-
energy background was obtained from the y-ray spectrum
in coincidence with the noninteracting Mg beam [spectrum
I in Fig. 2 (bottom)]. To understand the sum-energy spectra
of the y ray, a detailed response corresponding to detection
of the sum-energy spectrum of the y rays decaying from a
particular excited state in the experimental situation has been
generated using the GEANT code. Spectra II, III, and IV in
Fig. 2 (bottom) are the simulated sum-energy spectra of y
rays decaying from the 2.5-MeV excited state, a combination
of the 3.0- and 3.5-MeV states, and a combination of the
4.78- and 4.82-MeV states, respectively. In the simulation,
the decay scheme of various excited states of **Mg were
considered as reported in the literature [31] and the partial
level schemes of >*Mg are shown in the inset of Fig. 2 (top).
The solid (black online) line in Fig. 2 (bottom) represents the
sum of spectra I, IL, III, and IV. The partial Coulomb breakup
cross sections of **Mg for populating various excited states
of ¥Mg have been extracted from the invariant mass spectra
in coincidence with the sum energy of y rays in the three
different above mentioned regions. The detection efficiency
and feeding corrections from higher states of y rays have been
obtained from detailed simulations. The detection efficiencies
of the sum energy of y rays from 2.3 to 2.8, 2.9 to 4.0,
and 4.0 to 5.7 MeV are 41 4%, 41 4%, and 47 + 5%,
respectively. Thus partial CD cross sections for populating
the above three sets of excited states of *>Mg are 23 + 5,
34 4+ 6, and 17 &= 6 mb. These cross sections are obtained from
the Pb-target data after subtracting its nuclear part. The cross
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FIG. 2. (Top) The observed sum-energy spectrum of y -ray transi-
tions from the excited states of **Mg after Coulomb breakup of **Mg.
The inset shows a partial scheme of levels in **Mg and the population
of those states after Coulomb breakup. (Bottom) The solid black
line represents the sum of simulated sum-energy spectra of y rays
decaying from various core excited states and experimental atomic
background. The experimental atomic background is represented by
spectrum I. Spectrum II, spectrum III, and spectrum IV represent the
simulated sum-energy spectra of y rays decaying from the 2.5-MeV
excited state and combinations of the 3.5- and 3.0-MeV states and
the 4.78- and 4.82-MeV states, respectively.

section for the ground state is 32 &+ 17 mb, which is obtained
from the difference between the total CD cross section and the
cross sections of the excited states. The inset of Fig. 2 (top)
shows the relative population of different core excited states
after Coulomb breakup. Thus the data analysis shows that the
overwhelming part ~(70 £ 13)% of the cross section leaves
the core, 32Mg, in its excited states.

It is interesting to note that after the Coulomb breakup of
17C, a major part (~91%) of the core, '°C, also populates
excited states [22] and that the ground-state spin, parity,
and single-particle configuration of '’C, obtained from the
Coulomb breakup analysis [22], are in agreement with the
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FIG. 3. Partial differential CD cross section of **Mg with respect
to (E*-E,) in coincidence with 32Mg in the excited states ~3.0,
3.5MeV (I™ = 17,27). The smooth curve is the cross section on the
basis of the direct breakup model using a plane wave approximation
for the s-wave (left) and the p-wave (right) neutron, respectively. The
inset of each panel of the figure shows the x2/N for the fit.

knockout reaction [32]. The present analysis of Coulomb
breakup of **Mg has been performed in a similar manner to
that of '7C [22].

The ground-state spin of **Mg is 3/2 as suggested by two
recent independent experiments [9,10]. But the parity and
the single-particle configuration are under debate. To explore
further this issue, further data analysis has been performed.
Figure 3 shows the differential CD cross section in coincidence
with the sum-energy y-rays of ~3.5 and 3.0 MeV. The data
have been fitted with the direct breakup model calculation. The
left and right insets of Fig. 3 show the variation of x?/N as
a function of the spectroscopic factor of the valence neutron,
occupying the s and p orbitals, respectively. The x2/N for
the fit clearly suggests that the valence neutron occupies the s
orbital with the spectroscopic factor 0.47 & 0.08. Even for 40
error (i.e, within a 99.99% confidence limit), the spectroscopic
factor would be between 0.15 to 0.8. In contrast, a similar
analysis in coincidence with the sum-energy y rays of 2.5 MeV
can explain the data with the neutron occupying either the s
or p orbitals. Figure 4 shows the differential CD cross section
in coincidence with the y decay of energy ~2.5 MeV. This
can be understood by noting that the 2.5-MeV y ray can be
obtained from de-excitation of the 3.5 MeV (17) state as well
as the 2.5-MeV (2) state, which are of opposite parity states.
Similar to that above, the spectroscopic factor of 0.26 £ 0.07
can be obtained for the valence neutron occupying a p
orbital coupled with **Mg(2.5 MeV; 2%). Unlike the other two
situations, for the cross section with large statistical error, i.e.,
2Mg(0.0h) @ v ps2» the spectroscopic factor is obtained from
the ratio of the experimental cross section to the calculated one.
Thus, different components of the ground-state configuration
of this nucleus are 32Mg(?).O MeV,3.5MeV;17,27)Q Vsy 25
Mg(2.5 MeV;2*) ® vy, ,, and *Mg(0;0%) @ vy, ,,. This
suggests that the ground-state parity is negative and the spin
could be 3/2, which was proposed earlier [9,10]. Considering
this spin and parity, a tentative fourth component of the ground-
state configuration can be considered as *’Mg(4.78 MeV,
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FIG. 4. Partial differential CD cross section of **Mg with respect
to (E*-E, ), in coincidence with 32Mg in the excited state ~2.5 MeV
(I™ = 21). The smooth curve is the cross section on the basis of the
direct breakup model using a plane wave approximation for the s
orbital (left panel) and p orbital (right panel). The inset of each panel
of figure shows the x2/N for the fit.

4.82 MeV; 27) @ vy, ,. Since the exclusive CD cross section
associated with this core state is small with large error, the
spectroscopic factor (0.37 &= 0.13) for the valence neutron in
the sy, orbital can be obtained from ratio of the cross sections.
It is interesting to note that measurements of both the magnetic
moment [33] and the Coulomb breakup [21] of the neutron-rich
isotope **Al (N = 21) support a multiparticle-hole ground
state configuration.

In Fig. 5, the summation of the four exclusive calculated
CD cross sections for the four above-mentioned components

30 Sum of various contributions of different core states (Th) i
Core in ground state (p) (Th)

Core in 4.8 MeV excited state (s) (Th)

Core in 2.5 MeV excited state (p) (Th)

Core in 3.5 MeV excited state (s) (Th)

= Total CD cross-section (Expt) - @
% 20 (Expt) ]
=
=
E
5
) 10
o}
=
0 2 4 6 8 10
E*rel [MeV]

FIG. 5. The total experimental inclusive (black filled-circle data)
differential CD cross section of **Mg is overlaid with the sum
of calculated exclusive CD cross sections (red solid line) for four
components of the ground state. The (red online) mesh shaded region
is the associated errors obtained from the various contributions.
Other shaded regions as mentioned in the figure represent different
calculated exclusive CD cross sections with errors. The error of each
component is obtained from the respective error of the spectroscopic
factor of valence neutron(s), occupying a particular orbital coupled
with the core excited state as shown in the figure.
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TABLE 1. Partial Coulomb dissociation cross sections of **Mg
for different core states up to excitation energy (E. + 9.0) MeV. The
corresponding spectroscopic factors from calculations [11] and the
ones derived from the experiment are quoted.

Core state Neutron  Cross  Spectroscopic factor
I (E. MeV) orbital ~ section  Shell Experiment
Experiment Calculated (mb) model
[31] [11] [11]
0" (0.0) 0% (0.0 1p3p 324+17 0.12 0.19+0.1
2%(2.5) 1p3p 23+5 0.26 +£0.07
2%(3.01) 0.2
2- (30) 151/2
17(3.49) Lsi 34+6 0.47 £0.08
17(3.81) Lsip 0.21
27 (3.94) Lsin 0.27

of the ground state configuration is overlaid with the inclusive
total experimental differential Coulomb breakup cross section
(black filled circles) of 33Mg. The mesh (red online) shaded
region represents the associated error obtained from the
various contributions. A good agreement between data and
calculation provides validation of the ground state configu-
ration, obtained from different components of exclusive CD
data. The shaded regions with closely spaced left-tilted lines
(pink online), right-tilted lines (black online), widely spaced
left-tilted lines (green online), and solid-filled shaded region
represent the calculated differential CD cross sections for
the configurations of32Mg(3.O MeV,3.5MeV;17,27)Q Vsy25
ZMg(2.5MeV;2H) @ vy, *Mg(4.8MeV;27) @ vy, ,, and
2Mg(0; 0") ® vy, ., respectively. These differential CD cross
sections are multiplied by the experimental spectroscopic
factors and associated errors.

Table I shows the partial experimental Coulomb dissoci-
ation cross sections of Mg for different core states with
the spectroscopic factor for valence neutron occupation. The
corresponding spectroscopic factors from Monte Carlo shell
model (MCSM) calculations with SDPF-M interaction [11,34]
are shown in the fifth column of the table. The SDPF-M
interaction is combination of USD interaction for sd shell, the
Kuo-Brown interaction for pf shell and a modified Millener-
Kurath interaction for the cross shell. The experimental results
are in good agreement with the calculation. It is evident
from the table that a large spectroscopic factor is obtained
for the valence neutron (N = 21) in the sy, orbital. It was
shown through shell model calculations that multiparticle-
hole (np-nh) excitations across the shell gap may lead to
deformation in this region [13]. The reaction data [8] support
prolate deformation of this isotope. The occupation of the
valence neutron (N =21) in the s/, orbital is possible
with a large deformation (8, ~ 0.45-0.5) where the extruder
1/2[200] deformed Nilsson state with a 60-70% component
of the j = 1/2 orbital is available near the Fermi level [35].

It was shown by Ripka and Larry [36] that the measured
magnetic moments in odd-A nuclei of this mass region deviate
from the Schmidt values. But those experimental values could
be explained by a calculation using an odd nucleon coupled
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with a deformed Hartree-Fock core [36]. Similarly, a valence
neutron occupying a 1/2[200] deformed Nilsson orbital can
explain the recently measured magnetic moments of Mg
[10]. It has been shown that magnetic moment calculated by
a particle plus rotor with deformation 0.45 for the 1/2[200]
state is —0.86 wy [37] and this value is in agreement with the
measured value of —0.7456(5) . [10]. With this deformation,
both 1/2[330] and 3/2[321] deformed intruder Nilsson states
with components of the p3,, orbital are available near the
Fermi level. And indeed, an experimental signature for the
occupation of the p orbital by the valence neutron has been
observed in the present experiment.

One can conclude from the analysis of Coulomb breakup
data that the ground state configuration of **Mg is mainly
a deformed multiparticle-hole core, *>Mg, coupled with a
valence neutron(s) in the deformed Nilsson 1/2[200] and
3/2[321] states. A number of theoretical investigations have
been performed to explore the effect of deformation on
the structure of the exotic nuclei [35,38,39]. In the present
scenario, the Nilsson states consist mainly of low-/ orbital
components at high deformation in the loosely bound nucleus
[38]. Due to occupation of the state 1/2[200] by the valence
neutron, one may expect a decoupled band structure of >*Mg,
where the particle is decoupled from the core, **Mg. The
deformation in this nucleus can be defined by the intrinsic
structure of the weakly bound neutron orbital, by the shape
of the core, or by the interplay of both. Thus a rich variety of
shape co-existence phenomena or structures are expected to
be observed. The shape of the spatial distribution of **Mg
may be different than that of the core, 32Mg. A detailed
experimental and theoretical investigation of this nucleus may
provide important information about the exotic structure of
deformed, multi-quasi-particle neutron-rich nucleus.

V. CONCLUSIONS

In conclusion, the present experimental data of the Coulomb
dissociation of Mg (N = 21) provides the first evidence
of a multiparticle-hole ground state configuration and the
valence neutron(s) is occupying the s and p orbitals. These
observations confirm significant reduction and merging of
shell gaps, at N =20 and 28 for this neutron-rich nucleus.
The valence neutron of this isotope occupies partially the s /2
orbital, which is an indirect evidence of large deformation
(B2 ~ 0.45) because the extruder 1/2[200] is only available
near the Fermi level for N = 21. Thus, through the electric
dipole response from the ground state to the continuum, a
large deformation as well as multiparticle-hole ground state
configurations can be obtained for **Mg. It will be interesting
to study the exotic shape evolution of the neutron-rich nuclei
near traditional magic numbers using future facilities like
FAIR, FRIB, HIE-ISOLDE, and RIBF.
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