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Ground-state configuration of neutron-rich 35Al via Coulomb breakup
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The ground-state configuration of 35Al has been studied via Coulomb dissociation (CD) using the LAND-FRS
setup (GSI, Darmstadt) at a relativistic energy of ∼403 MeV/nucleon. The measured inclusive differential CD
cross section for 35Al, integrated up to 5.0 MeV relative energy between the 34Al core and the neutron using a
Pb target, is 78(13) mb. The exclusive measured CD cross section that populates various excited states of 34Al
is 29(7) mb. The differential CD cross section of 35Al → 34Al + n has been interpreted in the light of a direct
breakup model, and it suggests that the possible ground-state spin and parity of 35Al could be, tentatively, 1/2+

or 3/2+ or 5/2+. The valence neutrons, in the ground state of 35Al, may occupy a combination of either l = 3,0
or l = 1,2 orbitals coupled with the 34Al core in the ground and isomeric state(s), respectively. This hints of a
particle-hole configuration of the neutron across the magic shell gaps at N = 20,28 which suggests narrowing
the magic shell gap. If the 5/2+ is the ground-state spin-parity of 35Al as suggested in the literature, then the
major ground-state configuration of 35Al is a combination of 34Al(g.s.; 4−) ⊗ νp3/2 and 34Al(isomer; 1+) ⊗ νd3/2

states. The result from this experiment has been compared with that from a previous knockout measurement and
a calculation using the SDPF-M interaction.

DOI: 10.1103/PhysRevC.96.034301

I. INTRODUCTION

The atomic nucleus is a complex quantum many-body sys-
tem. Yet, it shows simple behavior which could be explained
by a mean nuclear field, containing many ingredients of the
nucleon-nucleon interactions. The characteristics of the mean
nuclear field are the shell gaps at magic numbers, where
extra stability in the nuclei has been observed [1]. These
magic numbers play a significant role in understanding the
structure of nuclei in and around the β-stability line. Recently,
the disappearance or modification in the shell gaps has been
observed in nuclei far from stability. The reason behind this
modification or disappearance of the shell gaps could be due
to the NN force, which becomes more pronounced with
large neutron-proton asymmetries in the exotic nuclei. The
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first observation of the disappearance of the magic number
(N = 20) was reported based on mass measurements of the
neutron-rich nuclei 31,32Na [2]. The experimental observation
of the higher binding energies of these nuclei is a direct
consequence of the large deformation [2]. A large deformation
was also reported in the ground state of 32Mg [3]. That large
deformation was explained by considering intruder effects
which suggest a clear vanishing of the shell gap between
the sd and pf shells around N = 20 [4]. Later, in many
neutron-rich nuclei around N ∼ 20 and 28, large deviations
in the nuclear structure from conventional shell models were
observed [5–11]. These observation have been explained
by considering tensor interactions, three-body interaction,
etc. [12]. Large quadrupole collectivity in 32,34,36,38Si [10]
indicates a large fp-shell intruder component in its 2+

1 excited
state. Recently, a p-wave halo structure was also observed in
31Ne [8] and 37Mg [9]. In 33Mg (N = 21), direct evidence of
a multi-particle-hole ground-state configuration was reported,

2469-9985/2017/96(3)/034301(9) 034301-1 ©2017 American Physical Society

https://doi.org/10.1103/PhysRevC.96.034301


S. CHAKRABORTY et al. PHYSICAL REVIEW C 96, 034301 (2017)

which further suggests significant reduction and merging of the
N = 20,28 shell gap [11]. These nuclei, in-spite of lying below
the N = 28 shell closure, exhibit intrusion by the νp3/2 orbital
and thus contradict the normal shell model theory. Thus, the
evolution of nuclear structure in this region leaves important
footprints for a deeper understanding of the nucleon-nucleon
interaction in neutron-rich nuclei. In this respect, 35Al would
be an interesting nucleus to explore. In 1979 Simons et al.
[13] first identified the neutron-rich nucleus 35Al produced
in fragmentation of 40Ar. Four decades later, except for
some theoretical calculations [14–18], limited experimental
information regarding the ground-state configuration of 35Al
is available. The ground-state information of a nucleus gives
direct insight into the wave function. 35Al (with Z = 13 and
N = 22) lies between the shell closures N = 20 and 28.
Experimental information about the ground states of nuclei
(with odd-Z and N = 22) such as 37P, 35Al, and 33Na has
yet to be confirmed, in-spite of their identification in the late
1980s or 1990s. 35Al, especially, has the least experimental
information available in the literature. The β-decay branch
of 35Al was studied at ISOLDE [19,20] and GANIL [21].
Some deexcited γ rays of 35Al have been reported [22,23]. The
extracted B(E2) value is 142(52) e2fm4 [22]. The measured
mass [24,25] and β-decay half-life [26,27] at GANIL were in
agreement with calculations using the WBMB interaction[4]
with a complete 0h̄ω basis of states (i.e., 0p-0h neutron
excitations across the sd − fp shell gap). A one-neutron
binding energy of 5.2 MeV can be interpreted as an enhanced
pairing in a Hartree-Fock-Bogoliubov (HFB) calculation [29].
Recently, the inclusive measured cross section and momentum
distribution of the fragment after one-neutron removal from
35Al [28,29] showed occupancy of all orbitals (s, p, d, and
f ) across the shell gap between sd and pf . But to understand
more deeply the nucleon-nucleon interaction, it is important
to explore details of the different components of the wave
function, which is possible via exclusive measurements. The
γ -ray spectroscopy after Coulomb breakup is a direct probe
for studying the ground-state configurations of loosely bound
nuclei [30,31]. The study of exotic nuclei in and around the
N = 20 and 28 shell closures via invariant mass analysis with
γ -ray energy tagging can provide detailed components of the
ground-state wave function [30], which will provide insightful
information for further investigation of the nucleon-nucleon
interaction in that region of nuclei. In this article the ground-
state configuration of 35Al obtained via Coulomb breakup will
be reported. A comparison of the results with those obtained
from a knockout reaction [29] and calculations with SDPF-M
interaction will also be presented.

II. EXPERIMENT

A primary beam of 40Ar (531A MeV), delivered by the
Heavy Ion Synchrotron (SIS18) at GSI (Helmholtzzentrum für
Schwerionenforschung GmbH), Darmstadt was fragmented,
and a group of short lived radioactive isotopes (29–31Na,
31–33Mg, 34,35Al, etc.) with similar mass-to-charge ratio (A/Z
between 2.55 to 2.85) were separated by the FRagment
Separator (FRS) [32] according to their magnetic rigidity. The
cocktail beam (as shown Fig. 1 in [33]) was transported to the
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FIG. 1. Plot of charge against mass to charge ratio of outgoing
reaction fragments.

experimental area where the LAND-FRS setup was employed
for complete kinematic measurement. In that measurement,
four-momenta of the projectile, fragments, and other decay
products [i.e., fragments, neutron(s), and γ rays] after sec-
ondary reaction were measured. At the experimental area a
fast plastic scintillator detector, POS, was placed before the
secondary target for time-of-flight (TOF) measurement. The
beam on the reaction target was adjusted using a plastic scintil-
lator based active collimator detector. Unique identification of
the secondary beam was made by energy loss measurement in
a position-sensitive silicon pin diode (PSP) and time-of-flight
measurements between two scintillator detectors (S8 and POS)
before the reaction target. The reaction target was surrounded
by eight double-sided silicon microstrip detector (DSSDs)
form in a box-like structure. Four DSSDs were placed in-beam
(two before and two after the reaction target) to track the
projectiles and reaction fragments during secondary reactions.
The reaction fragments were separated according to their
magnetic rigidities by a large dipole magnet (ALADIN).
The reaction fragments were tracked after ALADIN using
two large scintillator fiber detectors (GFIs). The deflection
angles of the charged fragments were obtained from tracking
the reaction fragments using the two GFI detectors. The
magnetic rigidity inside ALADIN was reconstructed from
the measured deflection angle. The charge of the reaction
fragment was measured from the energy-loss measurements
in a large array of scintillator detectors with area of (2 × 2 m2)
(TFW) which consists of 32 paddles arranged orthogonally
in two planes [34]. The mass of the reaction fragment was
identified from the reconstructed magnetic rigidity and the
time-of-flight (between POS and TFW) measurement of the
reaction fragment. Figure 1 shows the outgoing mass-to-charge
ratios of the reaction fragments against the charges, where the
incoming cocktail beam was considered. The decayed neutrons
from the excited projectiles were forward focused and were
detected by the high efficiency Large Area Neutron Detector
(LAND) [35] placed at 0◦ downstream of the reaction target.
The one-neutron detection efficiency of LAND for neutrons
with kinetic energy 400–450 MeV is ∼90%. The acceptance
of one neutron produced after Coulomb breakup of 35Al is
almost 100% up to 3.5 MeV of the relative energy between
the core and the neutron, and above that the acceptance
decreases gradually. The γ rays from the deexcited projectile
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and projectile-like fragments were detected by the 4π Crystal
Ball detector. The Crystal Ball detector consists of 162 NaI(Tl)
crystals arranged in a spherical shell with inner and outer
radii of 25 and 45 cm, respectively. The efficiency of the
Crystal Ball detector for γ rays of different energies has been
obtained using a standard γ -ray source and through detailed
GEANT4 simulation. The experimental results from radioactive
calibration sources such as 22Na and 60Co were found to be
in agreement (within 10%) with the simulated results. For
more details about the setup, please see [11,33,34,36]. The
secondary cocktail beam was bombarded on different reaction
targets. Thick lead (2 g/cm2) as a reaction target was used
for studying electromagnetic excitation of the exotic nuclei
(projectiles) and carbon (0.93 g/cm2) as a reaction target was
used for measuring the nuclear contribution. Data with the
empty target were also taken to understand the background
contribution arising from the reactions due to the detector
materials. After the secondary reaction, the exotic nuclei can
be excited. By measuring the four-momenta Pi of all the decay
products, the excitation energy of the nucleus prior to decay
can be reconstructed on an event-by-event basis by analyzing
the invariant mass. The Coulomb dissociation cross section
measured with the lead target (2 g/cm2) was obtained after
subtracting the nuclear contributions determined from the data
obtained with a carbon target (0.93 g/cm2). The scaling factor
of the nuclear cross sections for a lead and a carbon target
has been determined using the soft sphere model [37]. The
background contribution from reactions induced by detectors
materials was determined using the empty target data and has
been subtracted with a proper normalizing factor from both
the Pb and C target data.

III. COULOMB BREAKUP

The resulting data are analyzed on the basis of a direct-
breakup model [30,38,39]. According to a direct-breakup
model, a AXZ nucleus is considered to consist of a core of
(A−1)XZ and a weakly bound valence nucleon. When such a
loosely bound projectile at intermediate or high energy passes
by a high-Z target, it may be excited by absorbing a virtual
photon [39] and break up into a core and a neutron. In the
breakup process, the valence nucleon occupying the single-
particle bound state |ψn,l,j 〉 is transported to the continuum
state |q〉. The corresponding differential cross section dσ/dE∗
for dipole excitations decomposes into an incoherent sum
of components dσ (Iπ

c )/dE∗ corresponding to different core
states with spin and parity Iπ , populated after one-neutron
removal. For each core state, the cross section furthermore
decomposes into an incoherent sum over contributions from
different angular momenta j of the valence neutron in its initial
state [30]: The differential Coulomb dissociation cross section
can be expressed as follows

dσ
(
Iπ
c

)

dE∗ = 16π3

9h̄c
NE1(E∗)

∑

j

C2S
(
Iπ
c ,nlj

)

×
∑

m

∣∣〈q
∣∣(Ze/A)rY l

m

∣∣ψnlj (r)
〉∣∣2

. (1)

NE1(E∗) is the number of equivalent virtual dipole photons
of the target Coulomb field at an excitation energy E∗, which
can be computed in a semiclassical approximation. Here, the
final states |q〉 of the valence neutron can be approximated by
a plane wave, and the single-particle initial states |ψn,l,j 〉 can
be derived from a Wood-Saxon potential.

The Coulomb dissociation cross section is very sensitive
to the single-particle wave function |ψn,l,j 〉, which in turn
depends on the angular momentum (l) and the binding energy
(Sn) of the valence neutron. Comparison of the experimental
distribution of the Coulomb dissociation cross section with
the theoretical one can provide direct insight into the angular
momentum of the valence neutron and into its spectroscopic
information [30]. The core state to which the valence neutron
is attached can be identified by the characteristic γ rays.

IV. ANALYSIS AND RESULTS

The measured inclusive Coulomb dissociation cross section
for 35Al → 34Al + n using a Pb target, integrated up to
5.0 MeV relative energy between core and the neutron, is
78(13) mb. Figure 2(a) shows the differential breakup cross
section of 35Al that breaks into 34Al plus one neutron using
lead (filled circles) and carbon targets (filled triangles). The
differential CD cross section [open squares in Fig. 2(a)]
was obtained after subtracting the nuclear part, measured
using the carbon target with a scaling factor 1.8. The scaling
factor corresponding to the ratio of the nuclear cross section
in the lead target to that in the carbon target has been
obtained using a soft-sphere model [37]. No resonance-like
structure is observed in the CD spectra [Fig. 2(a)]. Figure 2(b)
shows the sum-energy spectrum of γ rays decaying from
the excited states of 34Al after Coulomb breakup of 35Al
(filled circles), which is obtained in coincidence with 35Al
as an incoming beam, 34Al as an outgoing fragment, and one
neutron. The spectrum of the atomic background is obtained
from measurement of the γ rays for an unreacted 35Al beam
on a Pb target and is represented by the short-dashed line
(green online) in Fig. 2(b). The sum-energy spectrum of γ rays
reflects the excited states populated after Coulomb breakup.
The excited states of the odd-odd nuclei are very complicated.
The density of states of such nuclei is high. Recently, a
level scheme of excited states of 34Al [40] was proposed
from the β-decay studies of 34Mg. With knowledge of the
excited states of 34Al from the literature, a detailed GEANT4

simulation was performed to understand the the sum-energy
spectrum obtained from the present experiment. The detection
efficiency of the sum-energy spectrum using the Crystal Ball
spectrometer under experimental conditions was obtained. A
prominent peak around 2.55 MeV is evident in the spectrum
and is mainly deexcited by a cascade of two γ -ray transitions
of 1.1 and 1.4 MeV. In addition to that excited state, after
Coulomb breakup of 35Al, three excited states were populated
with small fractions, namely 2.0 and 1.46, and 1.048 MeV, as
is evident from the sum-energy spectrum and the simulated
spectrum. Recently, it was proposed from β-decay studies of
34Mg [40] that the excited states around 1.04 and 1.46 MeV
are above the isomeric states. In Fig. 2 (b) the solid line (black
online) shows the spectrum obtained by summing the various
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FIG. 2. (a) Inclusive differential CD cross section of 35Al break-
ing up into a neutron and a 34Al fragment, with respect to the
relative energy (Erel) between the core and the neutron. The filled
circles and triangles represent the data using the Pb target and C
target, respectively. The open squares represent the pure Coulomb
part using the Pb target. (b) The experimental γ -ray sum-energy
spectrum of 34Al obtained after Coulomb breakup of 35Al using
the Pb target is represented by the filled circles (red online). The
combination of a simulated γ -ray sum-energy spectrum of 34Al and
the atomic background is shown by the solid line (black online). The
short-dashed line (green online) represents the atomic background
obtained from the measurement of γ rays emitted from unreacted
35Al at the secondary target. The simulated γ -ray sum-energy spectra
decaying from the excited states with energy 1.04, 1.46, 2.0, and
2.55 MeV are represented by the dot–long-dashed line (brown
online), long-dashed line (red online), dotted line (pink online), and
dot–short-dashed line (violet online), respectively. (c) Partial level
scheme of the 34Al nucleus and the relative population of the states
after Coulomb breakup of the 35Al nucleus using the Pb target.

components of the simulated sum-energy spectra of the γ rays
decaying from various excited states of the 34Al nucleus and
the experimental atomic background. In Fig. 2(b) the spectra
with dot–short-dashed line (violet online), dotted line (pink
online), long-dashed line (red online) and long–dashed-dotted
line (brown online) represent the simulated spectra decaying
from the 2.55, 2.0, 1.46, and 1.04 MeV excited states of
34Al, respectively. To obtain the exclusive differential CD
cross section for populating those excited states, the following
ranges of the sum-energy of γ rays have been considered
for gating conditions. The ranges considered for 1.04, 1.4,
2.0, and 2.55 MeV excited states were 0.7 to 1.2, 1.2 to 1.7,
1.7 to 2.2, and 2.2 to 2.9 MeV, respectively. The estimated
detection efficiencies of the 1.04, 1.4, 2.0, and 2.55 MeV
γ rays within the above energy ranges of the sum spectrum
are 66(8)%, 57(7)%, 44(6)%, and 38(6)%, respectively. The
combining correction factors for atomic background under the
1.04 and 1.4 MeV peaks and the feeding from higher energy
levels to those energy levels are 80% and 84%, respectively.
Similarly, for 2.0 and 2.55 MeV states the combined correction
factors for the atomic background and feeding from other
excited states are 70% and 13%, respectively. The excited-
state contributions in 35Al → 34Al + n + γ are obtained from
the γ -gated invariant mass spectra with corrections for the
atomic background and the γ -detection efficiency of the
Crystal Ball. Thus, after those corrections, the measured
exclusive CD cross sections for populating the excited states
of 34Al at 1.04, 1.4, 2.0, and 2.55 MeV are 5(1), 4(1),
4(2), and 16(6) mb, respectively. Figure 2(c) shows the
relative populations of different core states after Coulomb
breakup of 35Al. Figure 3 (filled squares) shows the exclusive
differential CD spectra of 35Al breaking up into a neutron and
a 34Al fragment in its ground state and/or isomeric state. The
exclusive excited-state contributions are subtracted from the
total inclusive differential Coulomb dissociation spectrum of
35Al to obtain that exclusive differential CD spectrum which
populated 34Al in the ground state and/or isomeric state(s).
The measured integrated CD cross section (integrated up to
5.0 MeV relative energy between the core and the neutron) for
35Al → 34Alground state and/or isomeric state + n is 48(13) mb. The
exclusive data have been interpreted in the light of a direct
breakup model in order to obtain information on the valence
neutron occupying orbitals. The details of the analysis and
interpretation of the results will be discussed in the next
section.

V. DISCUSSION

To date, the ground-state spin and parity of 35Al has not
yet been experimentally confirmed. A ground-state spin of
5/2+ has been assumed from shell model calculations and
the systematics of neighboring nuclei, considering the fact
that the proton hole in the d5/2 orbital is responsible for the
ground-state spin and parity, while two valence neutrons in
the f7/2 orbital remain as spectators and do not contribute
to the ground-state spin. This spin and parity has been used
to explain the data of β decay [19] as well as the knockout
experiment [29]. A number of excited states of this nucleus
have been populated [23] by proton knockout, and the states
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FIG. 3. Differential Coulomb dissociation cross section of 35Al breaking up into a neutron and 34Al in its ground state and/or isomeric
state versus the relative energy (Erel) between core and neutron. The dotted curves in (a), (b), (c), and (d) represent the calculation from
the direct breakup model using the plane-wave approximation, where the valence neutron occupies p, s, d , and f orbitals, respectively. The
corresponding inset panels show the corresponding one-dimensional χ2 distributions. The dotted curves in (e), (f), (g), (h), (i), and (j) represent
the calculation from the direct breakup model using the plane-wave approximation where the valence neutron occupies both p and s; p and f ;
s and d; p and d; f and s; and f and d orbitals, respectively. The inset panels show the corresponding two-dimensional χ2 distributions. The
experimental differential Coulomb dissociation cross sections are without the corrections for acceptance and efficiency of the neutron detector,
LAND, while the calculated ones are folded with the response function of the experimental setup.

have been interpreted in the light of the SDPF-MU interaction
[41]. According to the conventional shell model with neutron
number N = 22, the valence neutron should occupy the f7/2

orbital. In that situation, the Coulomb dissociation cross
section of 35Al for the one-neutron breakup channel would
be around 4 mb with unit spectroscopic factor for the valence
neutron. But the measured inclusive CD cross section of that
nucleus, integrated up to 5.0 MeV relative energy between

the core and the neutron using a Pb target, is 78(13) mb,
and the measured CD cross section after subtracting the
core excited-state contributions is 48(13) mb. Hence, the
valence neutron cannot occupy the f7/2 orbital alone. In order
to understand the occupation of the orbital of the valence
neutron, the exclusive differential CD cross section of the
nucleus populating the core in the ground state and/or an
isomeric state has been fitted with theoretical ones (using the
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TABLE I. Various possible ground-state spins and parities of 35Al, obtained from the present experimental data analysis and the
corresponding major components of the ground-state configuration with the spectroscopic factors for the valence neutron occupying different
orbitals

Possible Ground The valence Spectroscopic factor
ground-state state neutron for the
spin and parity configuration occupying orbital neutron

5/2+ B1
34Al(g.s.; 4−) ⊗ νp3/2 p 0.36(0.09)

+B2
34Al(46 keV; 1+) ⊗ νd3/2 d 1.47(0.22)

1/2+, 3/2+ C1
34Al(0; 4−) ⊗ νf7/2 f 1.03(0.43)

+ C2
34Al(46 keV; 1+) ⊗ νs1/2 s 0.62(0.07)

1/2+, 3/2+ 34Al(46 keV; 1+) ⊗ νs1/2 s 0.72(0.08)

1/2+, 3/2+ C1
34Al(46 keV; 1+) ⊗ νs1/2 s 0.45(0.07)

+ C2
34Al(46 keV; 1+) ⊗ νd3/2 d 0.94(0.22)

plane-wave approximation) corresponding to all possible
valence neutron orbitals near the Fermi level. The theoretical
curve has been convoluted with the experimental response
function. The convoluted curve has been fitted with the ex-
perimental data using a chi-square minimization procedure. In
34Al, an isomeric state [T1/2 = 26(1) ms] at 0.46 MeV (1+) has
been reported [42]. Hence, it is necessary to consider the core
as a system with an admixture of a 4−[T1/2 = 54.5(1) ms] [43]
ground state with the 1+ isomeric state [42]. Figures 3(a), 3(b),
3(c), and 3(d) show the histogram fitted with the convoluted
direct breakup model calculation considering p, s, d, and f as
the valence nucleon occupying orbitals, respectively. The inset
panels in Figs. 3(a), 3(b), 3(c), and 3(d) show the corresponding
one-dimensional χ2 plotted against the spectroscopic factor
of the valence neutron occupying that particular orbital.
Figures 3(a), 3(c), and 3(d) show that the χ2/N from the fitting
is quite large (> 1). Hence, the valence neutron cannot occupy
only the p, d, and f orbitals. If a valence neutron occupies
a pure s orbital, the possible allowed configurations can be
either 34Al(g.s.; 4−) ⊗ νs1/2 or 34Al(46 keV; 1+) ⊗ νs1/2 . The
allowed spin and parity corresponding to the former and latter
configurations are (7/2; 9/2)− and (1/2; 3/2)+, respectively.
Considering the β-decay experimental results for the allowed
transition, it is expected that the parity of the ground state of
35Al would be positive. If the ground-state parity of 35Al is
assumed to be positive, then 34Al(46 keV; 1+) ⊗ νs1/2 would
be a possible configuration. The ground-state spin and parity
could be either 1/2+ or 3/2+. Later, to explore the ground-state
configuration in more detail, combinations of different orbitals
were considered to fit the data. Figures 3(e), 3(f), 3(g), 3(h),
3(i), and 3(j) show the histograms fitted with an admixture of
the convoluted direct breakup model calculation considering
the valence neutron occupying both p and s; p and f ; s and
d; p and d; f and s; and f and d orbitals, respectively. The
inset panels in Figs. 3(e), 3(f), 3(g), 3(h), 3(i), and 3(j) show
the respective two-dimensional χ2 plots. It is evident from the
χ2 plots of Figs. 3(e), 3(g), 3(h), and 3(i) that the possible
orbitals for occupation of the valence nucleon are mixtures of
p and s, s and d, p and d, and f and s orbitals. An admixture
of the neutron orbitals corresponding to p and s waves can
be interpreted as an admixture of 34Al(g.s.; 4−) ⊗ νp3/2 and
34Al(46 keV; 1+) ⊗ νs1/2 configurations. When a mixture of

these configurations is considered, a common spin and parity
cannot be assigned to the ground state. So, this combination
of the orbitals for occupation of the valence neutron can be
discarded. Since β-decay data favor positive parity for the
ground state, coupling of the valence neutron which occupies
the s and d orbitals with the core in the isomeric state can
be considered. An admixture of s and d wave neutrons can
be interpreted as an admixture of 34Al(46 keV; 1+) ⊗ νs1/2 and
34Al(46 keV; 1+) ⊗ νd3/2 configurations. The tentative ground-
state spin could be (1/2)+ or (3/2)+. When an admixture
of p and d waves is considered, the allowed configurations
are 34Al(g.s.; 4−) ⊗ νp3/2 and 34Al(46 keV; 1+) ⊗ νd3/2 . But the
possible ground-state spin and parity considering a combi-
nation of configurations could be 5/2+. In an admixture of
f and s waves, conservation of parity allows an admixture
of the 34Al(550 keV; 1+) ⊗ νs1/2 and 34Al(g.s.; 4−) ⊗ νf7/2

configurations. The possible tentative spin and parity could
be either (1/2)+ or (3/2)+. Thus, the possible ground-state
spin and parity of 35Al could be tentatively, 1/2+ or 3/2+,
or 5/2+ according to the present experimental data analysis.
Table I shows the possible tentative ground-state spin with
configurations which have been obtained from the present
experimental data analysis. Thus if 5/2+ can be considered
as a ground-state spin, then the valence neutron can occupy
the p and d orbitals coupled with the core in the ground
state and isomeric state respectively. It is quite important
to compare the unknown and new results obtained from one
method of experiment with that from another complementary
method. With that view point, a comparison of the measured
spectroscopic factor with knockout measurements [29] has
been performed. This is shown in Fig. 4. The knockout
measurement [29] was performed at GSI, Darmstadt. The
inclusive momentum distribution of 34Al, obtained after one-
neutron knockout from 35Al, was measured by FRS and
compared with the calculation in the framework of the eikonal
approximation. The spectroscopic factors for the valence
neutron, occupying the s, d, and p orbitals, in the ground
state of 35Al [29] are represented by a filled circle, triangle, and
square, respectively. The results from the present experimental
work are represented by open symbols. The spectroscopic
factors of the valence neutron in the p and d orbitals were
obtained by fitting exclusive differential CD cross sections,
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FIG. 4. The comparison of the spectroscopic factors of the
valence neutron in the the ground state of 35Al (5/2+), obtained from
the present measurement with that from a knockout measurement
[29]. The spectroscopic factors for the valence neutron, occupying the
s, d , and p orbitals, in the ground state of 35Al [29] are represented
using a circle, triangle, and square, respectively. The results from
the present measurement are represented by open symbols while the
filled ones represent the knockout measurement [29].

but the spectroscopic factor for the s orbital was obtained from
the inclusive measured data with consideration of the p and
the d components, obtained from the exclusive measurement
data. It is obvious from the figure that the spectroscopic
factor for low l orbitals, i.e., the s and the p, within errors,
are in close agreement. The errors mentioned in this article
corresponding to the present measurement are 1σ (68%
confidence limit). But the situation for the d component is
different and the spectroscopic factor is in agreement in two
methods, considering error, with a 99% confidence limit. To
understand further details, the measured spectroscopic factors
have been compared with the shell model calculation using
the original SDPF-M interaction [44,45]. The calculation is
performed with the conventional shell model, where the model
space has been truncated so that the neutrons are allowed to
occupy up to 4p-3h configurations for positive parity and up
to 5p-4h configurations for negative parity. Thus, the shell
gaps adopted are the same as in the paper [44], and the

calculation has been performed considering the ground state
as 1/2+, 3/2+, and 5/2+. Table II shows a comparison of
the spectroscopic factors obtained from the present Coulomb
breakup experiment, previous knockout measurements [29],
and theoretical calculations using the SDPF-M interaction for
the ground-state spin and parity of 35Al as 5/2+. From Table II,
it is evident that the spectroscopic factor for the p orbital
obtained from the present Coulomb breakup measurement is
closer to the calculation than that obtained from the knockout
measurement [29]. In contrast, the spectroscopic factor for the
d orbital is in closer agreement with that obtained from the
knockout measurement. In the calculation, a number of core
excited states with energy below 1.0 MeV have been predicted
which are coupled with the neutron in the d orbital. Those
details are found in Table II. It may be noted that the SDPF-M
calculation predicts occupation of the valence neutron in
the f7/2 orbital with spectroscopic factor (0.6). Moreover, it
has been observed that the spectroscopic factors for the p
and the d orbitals, obtained from the present experimental
data, are higher in value compared to those predicted by the
SDPF-M calculation. Considering those facts, the data have
been fitted with the direct breakup model calculation with
partial occupation in the f orbital along with other orbital(s).
A meaningful information can be obtained by constraining
the spectroscopic factor for the d orbital. The lower limit of
the fitted spectroscopic factor of the d orbital, considering
errors with 99.9% confidence limit, is 1.0 (see Table II). After
constraining a maximum limit of the spectroscopic factor of
the d orbital to 1.0, the spectroscopic factors for the p and f
orbitals, obtained from fitting of the data, are 0.48(0.08) and
0.24+0.42

−0.24, respectively. In conclusion, the enhanced Coulomb
dissociation cross section of 35Al clearly suggests that the
neutron may occupy orbitals which are a combination of sd
and pf orbitals. The experimental data have been compared
with the SDPF-M calculation and the comparison favors the
ground-state spin and parity 5/2+. Since the neutron may
occupy orbitals which are a combination of the sd and pf
shells, one is able to conclude that there is a narrower shell
gap between these shells, i.e., at the N = 20 and 28 magic
numbers. Similar observations have been reported in 33Mg
[11]. In contrast, a similar measurement shows that the valence

TABLE II. Measured CD cross sections of the 35Al nucleus integrated up to 5.0 MeV relative energy between the core and the neutron,
and the spectroscopic factors for the valence neutron in the ground state of 35Al (5/2+) coupled with the various core states, obtained from
calculations (SDPF-M), the present measurement, and a previously reported knockout measurement [29].

Core state Neutron Coulomb dissociation Spectroscopic factor

Experiment SDPF-M [44,45] orbital (CD) cross section (mb) Shell model Experiment

Iπ (E (MeV)) Iπ (E (MeV)) Direct breakup Experiment SDPF-M CD Knockout [29]
CD

4−(0.0) 4−(0.0) p3/2 47 0.1 0.36(0.09) 0.59+1.15
−0.59

3−(0.29) 0.09
48(13)

1+
isomer(0.046) 1+(0.38) d3/2 16 0.22 1.47(0.22) 0.63+0.14

−0.28

4+(0.6) 0.7
2+(0.82) 0.36
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neutron in the ground state of neutron-rich nuclei 29,30Na is
mainly occupying the d orbital [33]. Future experiments with
different complementary methods using a radioactive ion beam
with higher statistics may provide insightful information about
the structure of this interesting neutron-rich exotic nucleus.

VI. SUMMARY

Coulomb breakup of the neutron-rich nucleus 35Al has been
studied at a relativistic energy 403A MeV. Four-momenta of
the projectile, fragment, and neutron after reaction were mea-
sured and the excitation energy of the nucleus prior to the decay
has been reconstructed by analyzing the invariant mass. The
measured inclusive differential CD cross section (integrated
up to 5.0 MeV relative energy) for 35Al → 34Al + n using a
Pb target is 78(13) mb. The inclusive and exclusive data have
been interpreted in the light of the direct breakup model and
suggest that the data cannot be explained by pure occupation
of the valence neutron in the f7/2 orbital, as predicted by the
conventional shell model. The possible ground-state spin and
parity of 35Al is either 1/2+ or 3/2+ or 5/2+ according to the
present experimental data analysis. If the ground-state spin
is 1/2+ or 3/2+, then the major ground-state configuration
could be 34Al(g.s.; 4−) ⊗ νf7/2 and 34Al(46 keV; 1+) ⊗ νs1/2 .
However, consideration of the shell model calculation and

Coulomb breakup results in the light of the direct breakup
model favors 5/2+ as the ground-state spin and parity. The
major components of the ground-state configuration, with
consideration of that spin and parity, are 34Al(g.s.; 4−) ⊗ νp3/2

and 34Al(46 keV; 1+) ⊗ νd3/2 . The obtained spectroscopic
factors for the occupied valence neutron orbitals have been
compared with a SDPF-M shell model calculation and those
obtained from the knockout measurement [29]. Since the
neutron may occupy orbitals which are a combination of the
sd shell and pf shells, one may conclude the existence of
a narrower shell gap between the sd and pf shells at the
N = 20,28 magic numbers.
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