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Introduction. Recently, measurements of neutron-adding
transfer reactions on 76Ge were performed to determine the
population of its valence orbitals. This work was part of a
series of experiments to characterize this nucleus in connection
with its potential for undergoing neutrinoless double beta
decay [1]. The analysis of the transfer data requires knowledge
of the final-state spins and parities which, in several cases,
are unknown or ambiguous [2]. In particular, no 5/2− state
was known in 77Ge, though a level with this spin and parity
was assumed to occur at 492 keV [1]. This energy had been
previously reported in an abstract [3].

Most of the excited states in 77Ge are known from transfer-
reaction data: the most quantitative information is provided by
the 76Ge(d,p)77Ge reaction using a polarized deuteron beam
[4], where the vector analyzing powers and angular distribu-
tions of outgoing protons yield spin and parity information.
From this study the following excited states had been assigned
spin and parity: 159.70(1/2−), 224.9(9/2+), 504.8(5/2+),
629.4(3/2−), 884.3(5/2+), 1250.4(1/2+), 1385.0(5/2+),
1536(1/2+), 1777(1/2+), and 1804(3/2+) keV. No sign was
seen of the 492-keV level, which could not be resolved next to
the strongly populated 505-keV state, in that experiment. This
represents all the states of known spin and parity; there are
many other states reported with unknown spins. Beta-decay
studies [5] of 77Ga show some agreement with the transfer
data. The state assumed to be 5/2− in [1] at 492 keV, of
principal interest for transfer in valence orbitals, was the one
reported at 491.9 keV from studies with the (13C,12C) reaction
with particle-γ coincidence [3].

Measurement. In the present experiment, we also used the
76Ge(13C,12C)77Ge reaction in order to reproduce the results of
Ref. [3], and to attempt to measure angular distributions. We
used a 13C beam provided by the Argonne Tandem Linear
Accelerator System (ATLAS). The yield was explored for
beam energies between 27 and 36 MeV whilst monitoring
Coulomb excitation, fusion-evaporation, and single-neutron
transfer yields—29 MeV was found to be optimal, consid-
erably lower than the 40 MeV used in the earlier work. The
experiment was performed in two modes: the first, used a target
of ∼400 µg/cm2 of isotopically-enriched 76Ge deposited on
∼10 mg/cm2 of 208Pb, ensuring that all recoiling 77Ge ions

were stopped in the backing. The reaction site was at the
center of Gammasphere (GS) [6], comprised of 99 Compton-
suppressed high-purity Ge detectors. The entire data stream
was recorded, with no requirement on γ -ray multiplicity. The
second mode utilized the Fragment Mass Analyzer (FMA) [7]
in conjunction with GS to allow recoil-γ coincidences to be
measured. For this phase, a similar layer of 76Ge was deposited
on a carbon foil ∼20 µg/cm2 thick, with the carbon facing
the beam, to allow recoiling ions to enter into the FMA.
This instrument was tuned to accept ions of A/Q = 77/10
at the focal plane, where a parallel-grid avalanche counter
was placed. The γ rays were required to be in coincidence
with the detected 77Ge ions. The efficiency of the FMA was
∼5%—limited by both solid angle and the fact that only one
charge state was detected.

The data from GS operating alone were used to create a γ -γ
coincidence matrix of prompt γ rays (selected by a narrow time
gate centered on the prompt time peak), whereby gating on
known transition energies in 77Ge allows for identification of
coincident γ rays. Examples of this are provided in Figs. 1(a)
and 1(b) and are discussed below. The recoil-γ coincidence
data were used to extract angular distributions, W (θ ), where θ
is the angle relative to the beam direction. Examples of these
are given in Fig. 2, plotted as a function of cos2θ . The measured
angular distributions were fitted with the standard form

W (θ ) = A0[1 + a2P2(cos θ ) + a4P4(cos θ )], (1)

where PL(cos θ ) are Legendre polynomials and the coeffi-
cients, a2 and a4, can be found in Table I. A total spectrum
of the recoil-γ coincidence data is shown in Fig. 1(c). The
assignments made from the present measurement, resulting in
the level scheme in Fig. 3, are as follows.

492 keV. The high efficiency of GS allows for the identifica-
tion of previously unobserved γ -ray transitions in coincidence
with the 492-keV transition. Gating on this transition yields
the spectrum seen in Fig. 1(a): peaks at 127, 419, 561, 783,
794, 893, and 916 keV have been established as transitions
feeding the 492-keV state. (Only the 127-, 419-, and 893-keV
γ rays are shown in the partial level scheme of Fig. 3.) In
turn, gating on the 419-keV transition identifies the 332- and
492-keV transitions, both assigned to depopulate the 492-keV
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seen of the 492-keV level, which could not be resolved next to
the strongly populated 505-keV state, in that experiment. This
represents all the states of known spin and parity; there are
many other states reported with unknown spins. Beta-decay
studies [5] of 77Ga show some agreement with the transfer
data. The state assumed to be 5/2− in [1] at 492 keV, of
principal interest for transfer in valence orbitals, was the one
reported at 491.9 keV from studies with the (13C,12C) reaction
with particle-γ coincidence [3].

Measurement. In the present experiment, we also used the
76Ge(13C,12C)77Ge reaction in order to reproduce the results of
Ref. [3], and to attempt to measure angular distributions. We
used a 13C beam provided by the Argonne Tandem Linear
Accelerator System (ATLAS). The yield was explored for
beam energies between 27 and 36 MeV whilst monitoring
Coulomb excitation, fusion-evaporation, and single-neutron
transfer yields—29 MeV was found to be optimal, consid-
erably lower than the 40 MeV used in the earlier work. The
experiment was performed in two modes: the first, used a target
of ∼400 µg/cm2 of isotopically-enriched 76Ge deposited on
∼10 mg/cm2 of 208Pb, ensuring that all recoiling 77Ge ions

were stopped in the backing. The reaction site was at the
center of Gammasphere (GS) [6], comprised of 99 Compton-
suppressed high-purity Ge detectors. The entire data stream
was recorded, with no requirement on γ -ray multiplicity. The
second mode utilized the Fragment Mass Analyzer (FMA) [7]
in conjunction with GS to allow recoil-γ coincidences to be
measured. For this phase, a similar layer of 76Ge was deposited
on a carbon foil ∼20 µg/cm2 thick, with the carbon facing
the beam, to allow recoiling ions to enter into the FMA.
This instrument was tuned to accept ions of A/Q = 77/10
at the focal plane, where a parallel-grid avalanche counter
was placed. The γ rays were required to be in coincidence
with the detected 77Ge ions. The efficiency of the FMA was
∼5%—limited by both solid angle and the fact that only one
charge state was detected.

The data from GS operating alone were used to create a γ -γ
coincidence matrix of prompt γ rays (selected by a narrow time
gate centered on the prompt time peak), whereby gating on
known transition energies in 77Ge allows for identification of
coincident γ rays. Examples of this are provided in Figs. 1(a)
and 1(b) and are discussed below. The recoil-γ coincidence
data were used to extract angular distributions, W (θ ), where θ
is the angle relative to the beam direction. Examples of these
are given in Fig. 2, plotted as a function of cos2θ . The measured
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cients, a2 and a4, can be found in Table I. A total spectrum
of the recoil-γ coincidence data is shown in Fig. 1(c). The
assignments made from the present measurement, resulting in
the level scheme in Fig. 3, are as follows.

492 keV. The high efficiency of GS allows for the identifica-
tion of previously unobserved γ -ray transitions in coincidence
with the 492-keV transition. Gating on this transition yields
the spectrum seen in Fig. 1(a): peaks at 127, 419, 561, 783,
794, 893, and 916 keV have been established as transitions
feeding the 492-keV state. (Only the 127-, 419-, and 893-keV
γ rays are shown in the partial level scheme of Fig. 3.) In
turn, gating on the 419-keV transition identifies the 332- and
492-keV transitions, both assigned to depopulate the 492-keV
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Introduction. Recently, measurements of neutron-adding
transfer reactions on 76Ge were performed to determine the
population of its valence orbitals. This work was part of a
series of experiments to characterize this nucleus in connection
with its potential for undergoing neutrinoless double beta
decay [1]. The analysis of the transfer data requires knowledge
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are unknown or ambiguous [2]. In particular, no 5/2− state
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the strongly populated 505-keV state, in that experiment. This
represents all the states of known spin and parity; there are
many other states reported with unknown spins. Beta-decay
studies [5] of 77Ga show some agreement with the transfer
data. The state assumed to be 5/2− in [1] at 492 keV, of
principal interest for transfer in valence orbitals, was the one
reported at 491.9 keV from studies with the (13C,12C) reaction
with particle-γ coincidence [3].

Measurement. In the present experiment, we also used the
76Ge(13C,12C)77Ge reaction in order to reproduce the results of
Ref. [3], and to attempt to measure angular distributions. We
used a 13C beam provided by the Argonne Tandem Linear
Accelerator System (ATLAS). The yield was explored for
beam energies between 27 and 36 MeV whilst monitoring
Coulomb excitation, fusion-evaporation, and single-neutron
transfer yields—29 MeV was found to be optimal, consid-
erably lower than the 40 MeV used in the earlier work. The
experiment was performed in two modes: the first, used a target
of ∼400 µg/cm2 of isotopically-enriched 76Ge deposited on
∼10 mg/cm2 of 208Pb, ensuring that all recoiling 77Ge ions

were stopped in the backing. The reaction site was at the
center of Gammasphere (GS) [6], comprised of 99 Compton-
suppressed high-purity Ge detectors. The entire data stream
was recorded, with no requirement on γ -ray multiplicity. The
second mode utilized the Fragment Mass Analyzer (FMA) [7]
in conjunction with GS to allow recoil-γ coincidences to be
measured. For this phase, a similar layer of 76Ge was deposited
on a carbon foil ∼20 µg/cm2 thick, with the carbon facing
the beam, to allow recoiling ions to enter into the FMA.
This instrument was tuned to accept ions of A/Q = 77/10
at the focal plane, where a parallel-grid avalanche counter
was placed. The γ rays were required to be in coincidence
with the detected 77Ge ions. The efficiency of the FMA was
∼5%—limited by both solid angle and the fact that only one
charge state was detected.

The data from GS operating alone were used to create a γ -γ
coincidence matrix of prompt γ rays (selected by a narrow time
gate centered on the prompt time peak), whereby gating on
known transition energies in 77Ge allows for identification of
coincident γ rays. Examples of this are provided in Figs. 1(a)
and 1(b) and are discussed below. The recoil-γ coincidence
data were used to extract angular distributions, W (θ ), where θ
is the angle relative to the beam direction. Examples of these
are given in Fig. 2, plotted as a function of cos2θ . The measured
angular distributions were fitted with the standard form

W (θ ) = A0[1 + a2P2(cos θ ) + a4P4(cos θ )], (1)

where PL(cos θ ) are Legendre polynomials and the coeffi-
cients, a2 and a4, can be found in Table I. A total spectrum
of the recoil-γ coincidence data is shown in Fig. 1(c). The
assignments made from the present measurement, resulting in
the level scheme in Fig. 3, are as follows.

492 keV. The high efficiency of GS allows for the identifica-
tion of previously unobserved γ -ray transitions in coincidence
with the 492-keV transition. Gating on this transition yields
the spectrum seen in Fig. 1(a): peaks at 127, 419, 561, 783,
794, 893, and 916 keV have been established as transitions
feeding the 492-keV state. (Only the 127-, 419-, and 893-keV
γ rays are shown in the partial level scheme of Fig. 3.) In
turn, gating on the 419-keV transition identifies the 332- and
492-keV transitions, both assigned to depopulate the 492-keV
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The nucleus 77Ge was studied through the 76Ge(13C,12C)77Ge reaction at a sub-Coulomb energy. The angular
distributions of γ rays depopulating excited states in 77Ge were measured in order to constrain spin and parity
assignments. Some of these assignments are of use in connection with neutrinoless double beta decay, where the
population of states near the Fermi surface of 76Ge was recently explored using transfer reactions.
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Introduction. Recently, measurements of neutron-adding
transfer reactions on 76Ge were performed to determine the
population of its valence orbitals. This work was part of a
series of experiments to characterize this nucleus in connection
with its potential for undergoing neutrinoless double beta
decay [1]. The analysis of the transfer data requires knowledge
of the final-state spins and parities which, in several cases,
are unknown or ambiguous [2]. In particular, no 5/2− state
was known in 77Ge, though a level with this spin and parity
was assumed to occur at 492 keV [1]. This energy had been
previously reported in an abstract [3].

Most of the excited states in 77Ge are known from transfer-
reaction data: the most quantitative information is provided by
the 76Ge(d,p)77Ge reaction using a polarized deuteron beam
[4], where the vector analyzing powers and angular distribu-
tions of outgoing protons yield spin and parity information.
From this study the following excited states had been assigned
spin and parity: 159.70(1/2−), 224.9(9/2+), 504.8(5/2+),
629.4(3/2−), 884.3(5/2+), 1250.4(1/2+), 1385.0(5/2+),
1536(1/2+), 1777(1/2+), and 1804(3/2+) keV. No sign was
seen of the 492-keV level, which could not be resolved next to
the strongly populated 505-keV state, in that experiment. This
represents all the states of known spin and parity; there are
many other states reported with unknown spins. Beta-decay
studies [5] of 77Ga show some agreement with the transfer
data. The state assumed to be 5/2− in [1] at 492 keV, of
principal interest for transfer in valence orbitals, was the one
reported at 491.9 keV from studies with the (13C,12C) reaction
with particle-γ coincidence [3].

Measurement. In the present experiment, we also used the
76Ge(13C,12C)77Ge reaction in order to reproduce the results of
Ref. [3], and to attempt to measure angular distributions. We
used a 13C beam provided by the Argonne Tandem Linear
Accelerator System (ATLAS). The yield was explored for
beam energies between 27 and 36 MeV whilst monitoring
Coulomb excitation, fusion-evaporation, and single-neutron
transfer yields—29 MeV was found to be optimal, consid-
erably lower than the 40 MeV used in the earlier work. The
experiment was performed in two modes: the first, used a target
of ∼400 µg/cm2 of isotopically-enriched 76Ge deposited on
∼10 mg/cm2 of 208Pb, ensuring that all recoiling 77Ge ions

were stopped in the backing. The reaction site was at the
center of Gammasphere (GS) [6], comprised of 99 Compton-
suppressed high-purity Ge detectors. The entire data stream
was recorded, with no requirement on γ -ray multiplicity. The
second mode utilized the Fragment Mass Analyzer (FMA) [7]
in conjunction with GS to allow recoil-γ coincidences to be
measured. For this phase, a similar layer of 76Ge was deposited
on a carbon foil ∼20 µg/cm2 thick, with the carbon facing
the beam, to allow recoiling ions to enter into the FMA.
This instrument was tuned to accept ions of A/Q = 77/10
at the focal plane, where a parallel-grid avalanche counter
was placed. The γ rays were required to be in coincidence
with the detected 77Ge ions. The efficiency of the FMA was
∼5%—limited by both solid angle and the fact that only one
charge state was detected.

The data from GS operating alone were used to create a γ -γ
coincidence matrix of prompt γ rays (selected by a narrow time
gate centered on the prompt time peak), whereby gating on
known transition energies in 77Ge allows for identification of
coincident γ rays. Examples of this are provided in Figs. 1(a)
and 1(b) and are discussed below. The recoil-γ coincidence
data were used to extract angular distributions, W (θ ), where θ
is the angle relative to the beam direction. Examples of these
are given in Fig. 2, plotted as a function of cos2θ . The measured
angular distributions were fitted with the standard form

W (θ ) = A0[1 + a2P2(cos θ ) + a4P4(cos θ )], (1)

where PL(cos θ ) are Legendre polynomials and the coeffi-
cients, a2 and a4, can be found in Table I. A total spectrum
of the recoil-γ coincidence data is shown in Fig. 1(c). The
assignments made from the present measurement, resulting in
the level scheme in Fig. 3, are as follows.

492 keV. The high efficiency of GS allows for the identifica-
tion of previously unobserved γ -ray transitions in coincidence
with the 492-keV transition. Gating on this transition yields
the spectrum seen in Fig. 1(a): peaks at 127, 419, 561, 783,
794, 893, and 916 keV have been established as transitions
feeding the 492-keV state. (Only the 127-, 419-, and 893-keV
γ rays are shown in the partial level scheme of Fig. 3.) In
turn, gating on the 419-keV transition identifies the 332- and
492-keV transitions, both assigned to depopulate the 492-keV
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Spectroscopy of the odd-odd fp-shell nucleus 52Sc from secondary fragmentation
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The odd-odd fp-shell nucleus 52Sc was investigated using in-beam γ -ray spectroscopy following secondary
fragmentation of a 55V and 57Cr cocktail beam. Aside from the known γ -ray transition at 674(5) keV, a new
decay at Eγ = 212(3) keV was observed. It is attributed to the depopulation of a low-lying excited level. This
new state is discussed in the framework of shell-model calculations with the GXPF1, GXPF1A, and KB3G
effective interactions. These calculations are found to be fairly robust for the low-lying level scheme of 52Sc
irrespective of the choice of the effective interaction. In addition, the frequency of spin values predicted by the
shell model is successfully modeled by a spin distribution formulated in a statistical approach with an empirical,
energy-independent spin-cutoff parameter.

DOI: 10.1103/PhysRevC.73.037309 PACS number(s): 23.20.Lv, 21.60.Cs, 25.70.Mn, 27.40.+z

In-beam γ -ray spectroscopy with intermediate-energy ex-
otic beams provides a versatile tool to study various aspects
of nuclear structure beyond the valley of β stability. While
intermediate-energy Coulomb excitation of the projectile is
used to assess the degree of collectivity within an exotic
nuclear system [1], direct reactions—one- and two-nucleon
knockout from the projectile [2,3]—are exploited to probe
single-particle degrees of freedom. The evolution and occupa-
tion of specific orbits within the nucleus can be tracked with
this method [4]. Secondary fragmentation, in which multiple
nucleons are removed from the projectile, but not necessarily
in a direct reaction process, lacks the selectivity alluded to
above and, as a result, provides access to a wider variety of
excited states [5].

Nuclear structure of exotic species has been found to depart
often from expectations based on the properties of nuclei closer
to stability. New shell gaps appear [6–9] and “traditional”
magic numbers vanish in the regime of pronounced asymmetry
between proton and neutron numbers (e.g., Refs. [10–16]).
Those changes are driven, for example, by the tensor force [17]
and by the proton-neutron monopole interaction (for a recent
reference on this topic, see, e.g., Ref. [18]). The predictive
power of nuclear structure models is at present quite limited
for exotic nuclei, and shell-model interactions are adjusted by
exploiting new experimental data as they become available.
For example, the GXPF1 effective interaction [7], which was
optimized for nuclei in the fp shell, was modified recently
following comparisons with new experimental observations
[19,20] in neutron-rich nuclei just above 48Ca, which pointed
to the need to adjust matrix elements involving the p1/2 orbital.
The modified interaction has been labeled GXPF1A [21].

We report here on the first observation of a low-energy
γ ray in 52Sc following secondary fragmentation of 55V
and 57Cr. This transition had not been observed before and
presumably depopulates a low-lying excited state in this

fp-shell nucleus. Our experimental result is compared to shell-
model calculations using three effective interactions (GXPF1,
GXPF1A, and KB3G) suited for the fp shell. Furthermore, the
shell-model calculations with the GXPF1 effective interaction
were probed further by analyzing the frequency of spin
values below the neutron separation energy (73 states with
Ex ! Sn = 5.23 MeV). It is shown that this frequency can
be described satisfactorily within a parameter-free, statistical
approach using an empirical, energy-independent spin-cutoff
parameter.

Previous knowledge about excited states of this nucleus
stems from the β decay of the ground state of 52Ca [22].
Consistent with the selection rules of this decay mode, only
excited states with J π assignments 1+,(2+) have been reported
[22]. The ground state is proposed to have tentative spin and
parity quantum numbers of 3+ based on the population pattern
of 52Ti excited levels in the β decay of the ground state of
52Sc [22].

The secondary beam cocktail was produced by fast
fragmentation of a 130 MeV/nucleon 76Ge primary beam
delivered by the Coupled Cyclotron Facility at the National
Superconducting Cyclotron Laboratory on a 9Be primary
target of 423 mg/cm2 thickness. The fragmentation products
were selected in the A1900 fragment separator [23], which was
operated at full momentum acceptance. The cocktail beam
containing 55V and 57Cr with an average mid-target energy
of 77 MeV/nucleon interacted with a 375 mg/cm2 9Be foil
placed in the target position of the large-acceptance S800
spectrograph [24]. The reaction residues were identified on
an event-by-event basis from the energy-loss measured in the
S800 ionization chamber, the time-of-flight measured between
plastic scintillators, and the position and angle information
obtained with the two position-sensitive cathode-readout drift
chambers of the S800 focal plane [24]. 52Sc residues produced
from either the fragmentation of 55V or 57Cr could not
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Cross-shell excitation in two-proton knockout: Structure of 52Ca
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The two-proton knockout reaction 9Be(54Ti,52Ca+γ ) has been studied at 72 MeV/nucleon. Besides the strong
feeding of the 52Ca ground state, the only other sizeable cross section proceeds to a 3− level at 3.9 MeV. There
is no measurable direct yield to the first excited 2+ state at 2.6 MeV. The results illustrate the potential of such
direct reactions for exploring cross-shell proton excitations in neutron-rich nuclei and confirms the doubly-magic
nature of 52Ca.
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For decades, the cornerstone of nuclear structure has been
the concept of single-particle motion in a well-defined poten-
tial leading to shell structure and magic numbers governed by
the strength of the mean-field spin-orbit interaction [1]. Recent
observations in exotic, neutron-rich nuclei have demonstrated
that the sequence and energy spacing of single-particle orbits
is not as immutable as once thought: some of the familiar
magic numbers disappear and new shell gaps develop [2].
Cross-shell excitations, arising from the promotion of nucleons
across shell gaps, probe changes in shell structure. They are,
however, not always readily identifiable in nuclear spectra.
This Rapid Communication demonstrates that two-proton
knockout reactions can examine, selectively, cross-shell proton
excitations in neutron-rich systems.

Single-nucleon knockout reactions with fast radioactive
beams are established tools to investigate the properties of
halo nuclei [3] and to study beyond mean-field correlations,
indicated by the quenching of spectroscopic strengths [4].
Eikonal theory [5] provides a suitable framework for the
extraction of quantitative nuclear structure information from
such reactions. In contrast, the potential of two-nucleon
knockout as a spectroscopic tool has been recognized only
recently. Bazin et al. [6] have shown that two-proton removal
reactions from beams of neutron-rich species at intermediate
energies proceed as direct reactions and that partial cross
sections to different final states of the residue provide structure
information. More recently, such a reaction was used to infer
the magicity of the very neutron-rich 42Si nucleus [7].

In the current experiment, sizable cross sections for the
9Be(54Ti,52Ca+γ )X reaction were found to feed only the
52Ca ground state and a 3− level with an excitation energy
near 4 MeV, bypassing completely the first 2+ level at
2.6 MeV. These observations can be reproduced qualitatively
by calculations which assign the 3− level to the promotion
of protons across the Z = 20 shell gap. In addition, the data

confirm the presence of a neutron sub-shell closure at N = 32,
the subject of much recent attention [8–13].

The 54Ti secondary ions were produced by fragmentation
of a 130 MeV/nucleon 76Ge beam, delivered by the Coupled
Cyclotron Facility of the National Superconducting Cyclotron
Laboratory, onto a 9Be fragmentation target. The ions were
selected in the A1900 large-acceptance fragment separator
[14], which was operated with two settings during different
phases of the experiment; 1% momentum acceptance and
no momentum restriction, respectively. The secondary beam,
with a mid-target energy of 72 MeV/nucleon, interacted
with another, 375(4) mg/cm2 thick, 9Be foil located at the
target position of the high-resolution S800 spectrograph
[15]. The knockout residues were identified event-by-event
from the time of flight between scintillators monitoring the
beam, the energy loss measured in an ionization chamber,
and the position and angle information provided by the
cathode-readout drift counters in the S800 focal plane [15].
The 9Be reaction target was surrounded by SeGA, an array of
seventeen 32-fold segmented HPGe detectors [16], arranged
in two rings (90◦ and 37◦ with respect to the beam axis).

An inclusive cross section for two-proton knockout to
all final states was derived from the yield of detected 52Ca
residues and the number of incoming 54Ti projectiles, taking
into account the density of the secondary 9Be target. To
minimize effects arising from acceptance limitations in the
S800 spectrograph, only data with the momentum acceptance
of the A1900 fragment separator reduced to 1% were used to
deduce the cross section. Systematic uncertainties accounting
for particle identification (6%), stability and purity of the beam
(5%), and the momentum acceptance of the spectrograph (4%)
were added to the statistical uncertainty in quadrature.

Figure 1 presents the inclusive parallel-momentum dis-
tribution for all two-proton knockout events from 54Ti to
52Ca, together with that of the unreacted 54Ti projectiles
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One-neutron knockout in the vicinity of the N = 32 sub-shell closure: 9Be(57Cr,56Cr+γ )X
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The one-neutron knockout reaction 9Be(57Cr,56Cr+γ )X has been measured in inverse kinematics with an
intermediate-energy beam. Cross sections to individual states in 56Cr were partially untangled through the
detection of the characteristic γ -ray transitions in coincidence with the reaction residues. The experimental
inclusive longitudinal momentum distribution and the yields to individual states are compared to calculations
that combine spectroscopic factors from the full fp shell model and nucleon-removal cross sections computed in
a few-body eikonal approach.
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Neutron-rich Ca, Ti, and Cr isotopes have attracted much
attention recently. The strong proton-neutron monopole in-
teraction in these exotic nuclei with πf7/2ν(fp) configu-
rations causes a shift in the energy of the νf5/2 neutron
single-particle orbit as protons fill the πf7/2 shell and
results in the development of an N = 32 sub-shell clo-
sure in 52Ca, 54Ti, and 56Cr [1]. Nuclei in the vicinity
of this new sub-shell closure have been studied exten-
sively in β-decay experiments [2–5], intermediate-energy
Coulomb excitation [6,7], deep-inelastic heavy-ion collisions
[8,9], fusion-evaporation reactions [10–12], and secondary
fragmentation [13].

We report on the study of the one-neutron knockout
reaction 9Be(57Cr,56Cr+γ )X. Direct one-nucleon removal at
intermediate beam energies [14] has been used extensively to
study single-particle structure in neutron-rich and proton-rich
exotic nuclear species (see, e.g., Refs. [15–20]). Single-particle
cross sections and longitudinal momentum distributions are
computed using few-body reaction theory, in the eikonal
and sudden approximations [21,22], and employing Skyrme–
Hartree-Fock calculations [23,24] to reduce uncertainties in
the input to the reaction calculation. Spectroscopic factors,
which relate to the occupancy of single-particle orbits, can
be deduced from experimental cross sections by comparison
with reaction theory and pose stringent tests for modern shell-
model calculations far from stability [25]. The longitudinal
momentum distribution of the knockout residues is used—
similar to the angular distribution in low-energy transfer
reactions—to identify the orbital angular momentum l carried
by the knocked-out nucleon.

In this paper, we discuss the magnitude of the inclusive cross
section, the small branch for the knockout to the ground state
of 56Cr, and the shape of the inclusive momentum distribution
as compared with that predicted on the basis of single-particle

strengths from large-scale shell-model calculations in the fp
shell.

A secondary beam cocktail containing 57Cr was obtained
via fast fragmentation of a 130 MeV/nucleon 76Ge primary
beam delivered by the Coupled Cyclotron Facility of the
National Superconducting Cyclotron Laboratory at Michigan
State University. The production target, 423 mg/cm2 thick
9Be, was located at the mid-acceptance position of the A1900
fragment separator [26]. The separator was operated at 1%
momentum acceptance.

The 57Cr projectiles, with an average mid-target energy
of 77 MeV/nucleon, interacted with a 375 mg/cm2 thick 9Be
target placed at the pivot point of the large-acceptance, high-
resolution S800 magnetic spectrograph [27]. The event-by-
event particle identification and reconstruction of the momen-
tum distribution of the knockout residues were performed with
the focal-plane detector system [28]. The energy loss in the
S800 ionization chamber, time of flight (TOF) taken between
plastic scintillators, and position and angle information of the
reaction products in the S800 focal plane were employed to
identify the reaction residues produced upon collision with the
9Be target (Fig. 1). The spectrograph was operated in focus
mode, where the incoming exotic beam is momentum focused
onto the secondary reaction target. The difference in the TOF
measured between two scintillators before the secondary target
provided the particle identification of the incoming beam.
Selection of the incoming species allowed a separation of
knockout residues and fragmentation products of the different
constituents of the beam. Incoming 55V and 57Cr projectiles
overlapped in TOF, but possible contamination from 56Cr
produced by proton pickup on 55V was highly unlikely because
of momentum mismatch.

An inclusive cross section of σinc = 122(8) mb was
determined for the one-neutron knockout from 57Cr to all
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FIG. 2. (Color online) (Top) Proton energy versus longitudinal distance traveled between the target and the point of impact on the Si array,
νz, for the d(136Xe,p)137Xe reaction at 10 MeV/u and a 2-T field. The plot is a composite of two different target positions, as discussed in the
text. (Bottom) Representative proton spectrum. Peaks are labeled by their energy (to the nearest keV) and by their ℓ value, spin, and parity,
where these quantities are known. States marked with a ∼ symbol are those with energy, ℓ value, or both, deduced for the first time in this
work. A smooth background has been subtracted to produce the displayed spectrum as discussed in the text.

was smooth and was subtracted in the analysis, the associated
uncertainty in the extracted yields is discussed below.

The proton data were binned according to their position
z along the beam axis. A typical spectrum of proton energy
versus νz, the distance between the target and point of impact
on the array, is given in the upper portion of Fig. 2. The
sloping lines in this plot correspond to the population of
different excited states in the final nucleus; the ground state
is labeled for illustration. The locus of a line for a particular
final state corresponds to different proton angles. The central
position of each PSD on the array, at the two target-array
distances, was chosen as the set of angles for the angular
distributions, although the corresponding c.m. angle does
depend on the excitation energy. For the angular distributions,
the data were binned according to the angular range covered by

the respective PSDs; however, in HELIOS, each PSD subtends
equal solid angle in the c.m. frame. The yields to specific final
states were extracted for each of these angles and normalized,
using the elastic-scattering data, to produce absolute cross
sections.

Several factors that contribute to the cross-section uncer-
tainties are estimated here. The solid angle of the monitor
detector is the dominant source of systematic uncertainty
and is estimated to be −11%. With typical beam intensities
of − 5 × 106 ions per second, the beam current integrator
was near the limit of its sensitivity, and the corresponding
uncertainty is estimated to be 5%. From π-source data, the
yield due to the performance of individual PSDs was found
to have an rms variation of −7%. The uncertainty in the
measurement of the Rutherford scattering cross section is at the
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Solenoidal spectrometers have proven to be a highly versatile 
approach to studying nuclear reactions for structure, 
astrophysics, and applications

Z

N

Tang 16N/15C PRC 105, 064307 (2022)

McNeel 26Mg/28Mg PRC 103, 064320 (2021)

Salathe 36S/35P PRC 102, 064317 (2020)

Chen 12B/11Be PRC 100, 064314 (2019)

Chen 21F/22F PRC 98, 014325 (2018)

Santiago-Gonzalez 18F/19F PRL 120, 122503 (2018)

Kuvin 10B/10B PRC 96, 041301 (2017)

Bedoor 14,15C/13,14B PRC 93, 044323 (2016)

Wuosmaa 14,15C/12,13B PRC 90, 061301(R) (2014)

Hoffman 17N/18N PRC 88, 044317 (2013)

Bedoor 13B/14B PRC 88, 011304(R) (2013)

Sharp 86Kr/87Kr PRC 87, 014312 (2013)

Hoffman 19O/20O PRC 85, 054318 (2012)

Kay 136Xe/137Xe PRC 84, 024325 (2011)

Wuosmaa 15C/16C PRL 105, 132501 (2010)

Back 11,12B/12,13B PRL 104, 132501 (2010)

MacGregor 28Mg/29Mg PRC 104, L051301 (2021)

Chen 32Si/33Si PLB 853, 138678 (2024)

Kay 14N,14C/15N,15C PRL 129, 152501 (2022)

Chen 15C/15C PRC 106, 064312 (2022)

Bennett 238U/239U PRL 130, 202501 (2023)

Chen 10Be/10Be PRL 134, 012502 (2025)

Chen 15C/14C, under review

Angus 20Ne/21Ne, PRC 112, 025803 (2025)

Watwood 34S/36S, under analysis

Munoz-Ramos 10Be/12Be, to be submitted

Watwood 32Si/34Si/33P, under review

Hoffman/Almaraz-Calderon 34Cl/35Cl, under analysis

Sharp/Freeman 212Rn/213Rn, to be submitted

Chen 11Be/12Be, under review

Kawecka/Henderson 17F,18F/17O,18O, under analysis

Louis-Fuentes 21F,20O, under analysis

Carollo 85Kr/86Kr, under analysis

Sharp 30Mg/31Mg, under analysis

Kay 132Sn/133Sn, under analysis

Park 110Sn/111Sn, under analysis

Jones 144Ba/144Ba, under analysis

Hoffman 38K/39K, under analysis

Lotay 61Zn/62Zn, under analysis

Ayyad 10B/11B, to be submitted

Ceulemens 68Ni/69Ni, under analysis

HELIOS
SOLARIS
ISS

Wilson/Hoffman 31Si/32Si, under analysis

(Not a incomplete list, but close)

Browne 49Ca/50Ca, under analysis

Dolan 92Kr/93Kr, under analysis

Sharp 27Na/28Na, under analysis

Sharp/Hoffman 28Al/29Al, under analysis

Babu 48Ca/47Ca,49Ca, under analysis

Ceulemens 50Ca/51Ca, under analysis

Tang 206Hg/207Hg PRL 124, 062502 (2020)

Zamora 7Be/6Be, under analysis

Gai 7Be/8Be, under analysis

A ≾ 20

A ≿ 20

Wuosmaa 29Mg/30Mg, under analysis

(Aside) I’m not going to mention HELIOS … much …
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One of the major successes of the trio of 
programs is the emerging picture of ESPEs in 
the weak-binding regime …
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Essentially wholly described by simple geometrical considerations
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FIG. 2. For (a) 35Si and (b) 41Ca, a comparison of the ex-
perimentally determined binding energies (Exp.) [5] of the 1p
orbitals with those obtained from Woods-Saxon calculations
(WS) with a fixed spin-orbit potential, potential depths of
47.0 MeV (35Si) and 51.8 MeV (41Ca), and parameters given
in the text.

small, at ⇠500 keV.
In the following, we will discuss how the changes ob-

served experimentally for 1p3/2 and 1p1/2 states from Ca
to Si can be described in terms of the proximity of the
p1/2 orbital to the neutron threshold. To explore such ef-
fects, calculations were carried out with a Woods-Saxon
potential using the code of Volya [11] and several estab-
lished parameter sets characterizing the neutron-nucleus
potential. In Fig. 2 we show the binding energies of the
1p levels from experiment for 34Si+n and 40Ca+n and
from Woods-Saxon calculations with potential parame-
ters r0 = 1.28 fm, a = 0.63 fm, rso0 = 1.1, aso = 0.65 fm,
and Vso = 6 MeV (as used in Ref. [7]). The depth of
the potential was chosen to reproduce the binding of the
1p3/2 orbital. Note, the spin-orbit potential is the same
for both Si and Ca.

Immediately it can be seen that the general feature, a
decrease of ⇠1 MeV in the separation of the 1p3/2 and
1p1/2 states, is reproduced by the calculations without
any change to the spin-orbit strength. At 35Si the 1p1/2
orbital is just bound by a few hundred keV. With no
experimental information yet available on the fragmen-
tation of the 1p states, it is possible the 1p are slightly
less bound as fragmentation would, most likely, shift the
centroid that way.

Other Woods-Saxon calculations using a range of sen-
sible parameters, for example, r0 = 1.25–1.28 fm, a =
0.60–0.75 fm, rso0 = 1.1, aso = 0.65–0.80 fm, and
Vso = 6–7.5 MeV, were explored. In these cases, the
depth of the binding potential chosen to reproduce the
experimental binding energy of the 1p3/2 orbital. Typical
potential depths for 40Ca+n were around 52 MeV and for
34Si+n, 47 MeV, consistent with the global parameteri-
zation of Ref. [12]. For some of the parameter sets, the
1p1/2 is just slightly bound (by a few hundred keV) and
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(1p1/2 – 1p3/2)Exp.

FIG. 3. A comparison between experimental spin-orbit split-
ting of the 1p states atN = 21 for 14  Z  20 compared with
calculations of the same splittings in a Woods-Saxon potential
with a fixed spin-orbit strength. The width of the shaded re-
gion is to give a measure of the uncertainties associated with
the calculations. The uncertainties on the experimental data
points are discussed in Ref. [5].

for others slightly unbound. The change in the separa-
tion between the 1p3/2 and 1p1/2 spin-orbit partners from
41Ca to 35Si is relatively insensitive to the choice of the
parameter, varying from around 0.7–0.9 MeV. The rela-
tive proximity of these orbitals to the separation thresh-
old is what dominates the change in separation between
the 1p orbitals, without invoking a weakening of the spin-
orbit force.

Figure 3 shows the di↵erence in binding energies of
the 1p3/2 and 1p1/2 neutron single-particle orbitals from
the experimental data and from the Woods-Saxon cal-
culations described above. The shaded band showing
the theoretical calculations is an indication of the range
of uncertainties associated with the choice of reasonable
Woods-Saxon parameters. The parameters characteriz-
ing the spin-orbit interaction were fixed, being the same
for all nuclei in the calculations.

Key to all calculations is that the 1p1/2 orbital ap-
proaches the neutron separation threshold in a manner
similar to the experimental data. As the state approaches
threshold it moves more slowly with changing potential
well depth and/or changing potential radius. The 1p3/2
orbital is more deeply bound and it moves more rapidly
in energy as the nucleus gets smaller. Since the domi-
nant features of the experimental data are quantitatively
described by the consequences of weak-binding e↵ects on
the 1p1/2 orbital, this e↵ect must be taken into account
before discussing any changes in the spin-orbit interac-
tion strength.

The lingering below threshold is associated with ex-
tended rms radii. While bound states with higher-` val-
ues have rms radii more in line with a typical r0A1/3 de-
pendence, as low-` orbits approach threshold their wave
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The bubble nucleus story and weak binding

BPK et al., Phys. Rev. Lett. 119, 182502 (2017)



The question has been asked many times in response to experimental data. One of my favorite 
Argonne examples ...

obtain accurate relative cross sections between different
targets, a Si detector was used to measure the elastic
scattering at 9!, where the scattering should be
Rutherford to within 1%. In order to monitor possible
small shifts in beam position two additional silicon de-
tectors were used on either side of the beam at 30!, but no
significant shifts were seen. Data were obtained at 6, 13,
and 25!, and more complete angular distributions were
measured for 112;118;122Sn targets.

A typical spectrum is shown in Fig. 2 (upper part),
along with angular distributions in Fig. 2 (lower part)
compared with distorted-wave Born approximation

(DWBA) calculations using standard parameters [8,9].
At 6! these angular distributions are at their maximum
and relatively flat. The 6! cross sections for the known
lowest-energy 7=2" and 11=2# states are given in Table I,
along with their ratio, which is found to be constant to
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7=2" (dots) and 11=2# (stars) states in two Sn isotopes,
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FIG. 1. The upper part of the figure is a schematic level
diagram of single-particle states, arising from different oscil-
lator shells. Pairs of states with highest angular momentum in
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2 intruder state to the ‘# 1
2 state from the lower shell.

The lower part of the figure shows the neutron-excess depen-
dence of the binding energy of the last proton in Z & 51 nuclei.
The stars correspond to the 11=2# states and the circles to the
7=2" states. The open symbols designate states where spin
assignments have been made but there is no information
from transfer reactions about the single-particle character of
the states. The points for 133Sb are from [5] and those in
parentheses are unpublished [6]. TABLE I. Cross sections (mb=sr) at 6! for the lowest 7=2"

and 11=2# states, their ratios, and spectroscopic factors. The
uncertainties in the cross sections are estimated at 10% and
those in the ratio, at about 5%). The accuracy of the relative
spectroscopic factors are estimated at 15%.

Target 7=2" 11=2# Ratio C2S7=2 C2S11=2
112Sn 14.6 21.4 1.47 0.99 0.84
114Sn 19.6 27.3 1.39 1.10 0.93
116Sn 19.7 30.9 1.57 0.95 0.97
118Sn 20.4 33.5 1.64 0.88 0.99
120Sn 27.9 39.4 1.41 1.13 1.12
122Sn 24.6 35.5 1.45 0.98 1.00
124Sn 24.7 39.2 1.59 1.00 1.12
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discussed does not differ much from the one for the
deuteron.

The radial wave functions of the two orbits must be
similar in order to have a large overlap in the radial
direction. A narrow spacial distribution is favored in the
radial direction, in order to have a ‘‘deuteronlike’’ shape.
This is fulfilled if the two orbits are both near the Fermi
energy, because their radial wave functions have a rather
sharp peak at the surface. If the radial distributions of the
two orbits differ, not only does the overlap become smaller
but also the relative spacial wave function is stretched in
the radial direction, which is against the deuteronlike
shape, making the effect less pronounced. Note that for
the same radial condition, larger l and l0 enhance the tensor
monopole effect in general, as their relative momentum
becomes higher (see Fig. 2).

We assess the effect quantitatively by using a reasonable
tensor force. Figure 3 exhibits the triplet-even potential due
to the tensor force in potential models such as ! exchange,
!! " exchange, M3Y [10], AV80 [4], and the G matrix
(GM) for normal nuclear density. The first two are fixed
from standard meson-nucleon coupling constants [11,12].
Although there are large differences in the short distance
part, these potentials do not differ much for r > 0:8 fm
except for ! exchange. Since two nucleons interacting
through the tensor force are not in a relative L " 0 state
(as discussed earlier), the differences at short distance are
irrelevant in the following discussions. We use the !! "
exchange potential with a radial (inner) cutoff at 0.7 fm, for
simplicity. In fact, all these interactions but ! exchange
produce quite similar results. Since the AV80 interaction
can reproduce the deuteron properties [4], the present
tensor force should be consistent with the structure of the
deuteron.

Figures 4(a)–4(d) show ESPE’s as a function of Z or N.
Note that the ESPE is plotted relative to a certain orbit in
cases (a) and (c). As more protons or neutrons are added,
the ESPE is changed by the tensor force and by other

forces. The latter effect can be estimated by a Woods-
Saxon potential, and appears to be rather common among
the orbits in each group (a)–(d) within the given range of Z
or N. By looking at relative ESPE’s [as in (a) and (c)], one
can remove the common change and thus can see the tensor
effect more directly.

Figure 4(a) shows ESPE’s of the proton 1d5=2 and 2s1=2

states relative to 1d3=2 as a function ofN. As more neutrons
occupy the 1f7=2 orbit, these proton orbits are shifted. In
Fig. 4(a), the changes due to the tensor force are indicated
starting from experimental energies for 40Ca. Following
the rule discussed with Fig. 2, the monopole interaction
between proton d3=2 and neutron f7=2 is attractive, whereas
that between proton d5=2 and neutron f7=2 is repulsive.
Hence, as more neutrons occupy 1f7=2, the proton 1d3=2

goes down while 1d5=2 comes up. Since the energies are
shown relative to 1d3=2, as N increases, 2s1=2 approaches
1d3=2 and the splitting between 1d5=2 and 1d3=2 becomes
narrower. A compilation of experimental data is included
in Fig. 4(a) [13], showing the decreasing spacing between
1d3=2 and 2s1=2 in agreement with the calculation. The
situation is more open for 1d5=2, because of greater ambi-
guity due to deep hole states.

FIG. 3 (color). Triplet-even potential due to the tensor force
for various interaction models.
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FIG. 4 (color). Proton (neutron) ESPE as a function of N (Z).
Lines in (a)–(c) show the change of ESPE’s calculated from the
!! " tensor force. Points represent the corresponding experi-
mental data. (a) Proton ESPE’s in Ca isotopes relative to 1d3=2.
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A reduction of spin-orbit splittings at N = 28 ... and consequence of pn interactions or a 
modification in the proton density?

in similar experimental conditions for comparison with the
study of 41Ar obtained in direct kinematics [10]. This also
aimed to validate the energy and efficiency calibrations for
the study of 47Ar. The position of the beam (which had an
angular dispersion smaller than 2 mrad) on the target was
obtained event by event with a resolution (FWHM) of
1 mm using a position-sensitive multiwire proportional
chamber (MWPC) [11] placed 11 cm downstream from a
0:38!6" mg=cm2 thick CD2 target in which the reaction
took place. The MWPC also monitored the beam intensity
with an efficiency of 96(4)%. The energy and angle of the
reaction protons were measured with the MUST detector
array [12] comprising eight highly segmented double-sided
Si detectors covering polar angles ranging from 110 to
170# with respect to the beam direction. The transferlike
products 47Ar!46Ar" were selected and identified by the
SPEG [13] spectrometer in the case of a neutron pickup to
bound (unbound) states in 47Ar. The choice of the beam
line optics and of the magnetic rigidity limited the trans-
mission of the nuclei, in particular, for transfer to unbound
states [14].

The exclusive (inclusive) excitation energy spectrum of
47Ar was constructed using the energy and angle of the
reaction protons detected with (without) the 47Ar nucleus
in coincidence. The exclusive spectrum of Fig. 1(c) dis-
plays (d, p) reaction events only. It was used to ascertain
the origin of the peaks observed in the inclusive spectrum
which also contained backgrounds arising from the deu-
teron breakup and reactions with the C target nuclei. The
first component was estimated by phase space calculations,
whereas the second one was determined in a separate run
using a pure C target. They were normalized to the high
and low energy tails of the excitation energy spectrum,
respectively [see Fig. 1(a)]. After background subtraction,
the energy spectrum of Fig. 1(b) was fitted using a sum of 9
Gaussian curves of width ! $ 175 keV whose mean en-
ergies are reported in Table I. The Q value of the transfer

reaction to the ground state (GS) of 47Ar is Q $
1:327!80" MeV, leading to a mass excess !m!47Ar" $
%25:20!9" MeV. This value differs by 700 keV from that
of Ref. [15], where the authors suspected that the GS of
47Ar may not have been discriminated from an important
background. The present mass excess value gives rise to an
N $ 28 gap of 4.47(9) MeV in 46Ar, which is 330(90) keV
smaller than in 48Ca.

Proton angular distributions are shown in Fig. 2 for the
first three states, the group of three peaks between 2.6 and
4 MeV, and the 5.5 MeV state of 47Ar. Distorted wave Born
approximation (DWBA) calculations were performed us-
ing the DWUCK4 [16] code and two sets of global optical
potentials for the entrance [17,18] and exit [19,20] chan-
nels of the (d, p) reaction. Figure 2 displays the result
obtained with the optical potentials of Ref. [18,19]. These
calculations were fitted to the angular distributions to infer
the transferred angular momentum ‘ and the vacancy
!2J& 1"C2S, [C2S being the spectroscopic factor (SF), J
the total spin value] of individual orbitals in 47Ar. The use
of different combinations of these four potentials yields a
variation of the vacancy values by less than 15%. The first
two peaks were attributed to ‘ $ 1 transfer to p states and
the third one to an ‘ $ 3 transfer to an f state. The angular
distribution of the three peaks around 3.4 MeV [Fig. 2(d)]
was reproduced with a combination of ‘ $ 3 and ‘ $ 4
components. The ‘ $ 3 part is most likely contained in the
first two peaks as the ‘ $ 4 transfer to the g9=2 state is
located at ’4 MeV in other N $ 29 isotones. An ‘ $ 4
value was unambiguously attributed to the 5500(85) keV
state. The ‘ and vacancy values are reported in Table I.

The present set of optical potentials also reproduced
(within 10%) the adopted vacancy values of 49Ca when
analyzing the angular distributions of Ref. [21]. This point
is essential as 49Ca will serve as a reference nucleus, for
comparison to 47Ar, for evaluating the evolution of nuclear
structure at N $ 28. Agreement (within 15%) was also
found between the !2J& 1"C2S values for 41Ar and those
published in Ref. [10].

-4 -2 0 2 4 6 8
0

20

40

60

80

100

120

140

C

C + d

a)

-4 -2 0 2 4 6 8
0

20

40

60

80

100

120

140

-4 -2 0 2 4 6 8 0

50

100

b)

-4 -2 0 2 4 6 8
0

50

100
c)

C
ou

nt
s 

/ 1
50

 k
eV

Excitation Energy (MeV)

FIG. 1. (a) Inclusive excitation energy spectrum of 47Ar dis-
playing C-induced background (denoted as C), and the sum of
the deuteron breakup and C-induced backgrounds (C& d).
(b) Background subtracted inclusive spectrum fitted by means
of 9 Gaussian curves. (c) Exclusive spectrum.

TABLE I. Experimental energies in keV (E'), angular mo-
menta (‘), vacancies !2J& 1"C2S of the levels identified in
47Ar are compared to shell model calculations.

Experiment Shell model

E' ‘ !2J& 1"C2S E' J" !2J& 1"C2S

0 1 2.44(20) 0 3=2% 2.56
1130(75) 1 1.62(12) 1251 1=2% 1.62
1740(95) 3 1.36(16) 1365 7=2% 0.8
2655(80) 3,(4) 1.32(18) 2684 5=2% 0.78
3335(80) 3,(4) 2.58(18) 3266 5=2% 2.76
3985(85) 4,(3) 3.40(40) ( ( ( ( ( ( ( ( (
4790(95) ( ( ( ( ( ( ( ( ( ( ( ( ( ( (
5500(85) 4 2.10(10) ( ( ( ( ( ( ( ( (
6200(100) ( ( ( ( ( ( ( ( ( ( ( ( ( ( (
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The structure of 47Ar was calculated in the shell model
(SM) framework using the ANTOINE code [22] and the
sdpf interaction [23] where the proton (neutron) excita-
tions were restricted to the sd (fp) orbitals. There is a
remarkably good agreement between experimental and
calculated results (see Table I) for the first five levels, for
which total spin values J were attributed. For a closed-shell
nucleus, the total vacancy is expected to be equal to 2J! 1
for the valence orbitals, and 0 for occupied ones. The GS
vacancy value [2.44(20)] is compatible with a p3=2 state; a
p1=2 state would have a maximum vacancy value of 2. The
missing vacancy value (1.56) of the p3=2 GS counterbal-
ances the excess (1.36 instead of 0) of the 1740 keV state,
meaning that some of the f7=2 neutrons have moved to the
p3=2 orbital in 46Ar. The first excited state p1=2 almost
fulfills the sum rule ["2J! 1#C2S $ 1:62"12# instead of
2] as well as in the 49Ca isotone "2J! 1#C2S $ 1:82"30#
[21]. We identify about 65% of the strength of the f5=2

orbital in the 2.65 and 3.33 MeV states. As the SM cal-
culations reproduce the energy and the summed vacancy
values of the f5=2 states, the missing part of the f5=2

strength has been inferred from calculations. The deduced
SPE (defined as the SF-weighted mean energy) is

3450 keV, to be compared to 3104 keV taking into account
the observed states only.

Figure 3 displays the experimental SPE of the f7=2 and
f5=2 orbitals and the energy of the first p3=2 and p1=2 states
in 49Ca and 47Ar. In addition to the reduction of theN $ 28
gap, the f and p SO splittings have been reduced by about
875(130) keV and 890(120) keV, respectively, between
49Ca and 47Ar. Mean field (MF) calculations with the
finite-range (D1S) [24] interactions predict correctly the
weakened N $ 28 shell gap but do not find any SO varia-
tion. Zero-range calculations using Skyrme forces repro-
duce neither. The observed asymmetric variations of the
‘";# orbitals can be explained by a weakened l % s interac-
tion, which increases (decreases) the energy of the ‘" (‘#)
orbitals with respect to MF calculations. Such surprising
reductions cannot be attributed to a modification of the
surface diffuseness between 49Ca and 47Ar which is ex-
pected to be smaller than 5%. Therefore, other effects must
be involved.

The present variations of the N $ 28 shell gap (!G) and
of the SO splittings (!SO) between 49Ca and 47Ar could be
caused by the removal of 2 protons from the d3=2 and s1=2

orbitals. As these orbitals are quasidegenerate in 48Ca [25]
protons are removed equiprobably, i.e., 1.33 from d3=2 and
0.66 from s1=2. Similar values are obtained with SM cal-
culations. Because of the proton-neutron interaction, the
removal of protons induces a differential energy change of
the neutron orbitals. This interaction acts on the f7=2 and
p3=2 orbitals to modify the size of the N $ 28 gap and on
the ‘# and ‘" orbitals to reduce the SO splittings. A major
contribution of these changes is due to the monopole part
of the proton-neutron matrix elements Vpn which is defined
in Ref. [4]. As 46Ar can be considered as a good semimagic
nucleus [26] the remaining nuclear correlations, as quad-
rupole ones, will be neglected in the following.

The reduction of the N $ 28 shell gap !G between 49Ca
and 47Ar can be written in the first order as:

 !G$1:33"Vpn
d3=2p3=2

&Vpn
d3=2f7=2

#!0:66"Vpn
s1=2p3=2&Vpn

s1=2f7=2
#:

These matrix element differences can be determined from
the N $ 21 isotones in which the d and s proton orbitals
are well separated. The removal of 2 protons from the
d3=2 orbital between 41Ca and 39Ar gives an energy of
2"Vpn

d3=2p3=2
& Vpn

d3=2f7=2
# which amounts to 675 keV. Simi-

larly the 2 protons removed from the s1=2 orbital between
37S and 35Si induce an energy change of 2"Vpn

s1=2p3=2 &
Vpn
s1=2f7=2

# equal to &264 keV. By using these values of
matrix element differences, we expect that !G $
362 keV. The excellent agreement with the experimental
value, 330(90) keV, validates the assumptions on the num-
ber of removed s and d protons between 49Ca and 47Ar and
on the small amount of correlations. The removal of addi-
tional protons would gradually reduce the size of the
spherical N $ 28 gap, eventually by about 1 MeV in
42Si. This would imply a disruption of the N $ 28 shell
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Changes in the spin-orbit interaction (with neutron excess) ?
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Table 1 
List of spin-orbit splittings ~o. 

PHYSICS LETTERS B 22 April 1993 

Nucleus Protons 

nl ~o/MeV ref. 

Neutrons 

nl Eso/MeV ref. 

t2C lp 8.24 [8,9] 
~60 lp 6.88 [10,11] 
4°Ca ld 6.74 [13] 

48Ca 

A = 6 0  ~) ld 5.78 [1] 
If 6.89 [1] 
2p 1.54 [1] 

9°Zr If 6.27 [16] 

H6Sn lg 6.39 
2d 1.72 

14OCe 

[18,19] 
[18,19] 

144Sm lg 5.83 [18,22] 
2°spb lh 5.55 [23,24] 

2d 1.32 [23,24] 
2f 1.72 [23,24] 

lp 8.52 [8] 
lp 6.72 [10,11,12] 
ld 6.74 [13,14] 
2p 2.10 [13,14] 
If 8.91 [15] 
2p 1.87 [15] 

lg 7.86 [16,17] 
2p 1.16 [16,17] 
2d 2.38 [16,17] 

lh 6.46 [20,21] 
2d 1.67 [20,21] 
3p 0.69 [20,21] 

li 6.38 [23,241 
2f 1.85 [23,24] 
2g 2.49 [23,24] 
3d 0.97 [23,24] 

a) Mean values of e~o found in the vicinity of S6Ni. 

expectation value (l.s) and ( contains the expecta- 
tion value of  ( l / r )  dV/dr taken with appropriate 
wave functions. In nuclear physics ( is generally re- 
garded as a constant. It is convenient for a compari- 
son of  the different spin-orbit  splittings [2 ] to de- 
vide Eso by the trivial geometrical factor ½ (2•+ 1 ) to 
obtain the reduced values ( =  ~so" 2 / ( 2 1 +  1 ). In the 
upper part of  fig. 1 the reduced splittings of  13 proton 
and 16 neutron spin-orbit  doublets taken from the 
numbers of  table 1 are plotted versus the respective 
mass number  A. By inspection of  the plot one notices 
immediately: There are no significant differences for 
protons and neutrons and for particle-particle, par- 
ticle-hole and hole-hole spin-orbit  doublets. The 
numbers show a pronounced dependence on the main 
quantum numbers n = l ,  2, 3 according to eso/ 
(2l+l)~l/n. The effect is distinct for n = l  and 
n = 2. In the case of  n--  3 there are only two spin-or-  
bit candidates, and the evidence is, therefore, weak. 
Within the three groups we see a monotonical  de- 
crease of  (wi th  increasing mass number  A. 

4. Scaling of the reduced splittings 

The numbers of  Eso from table 1 together with the 
plot of  the reduced splittings shown in fig. 1 suggest 
the following ansatz: 

~so '2 / (2 l+  1 ) = ( =  ((n,  A) = f ( n )  g(A), 
To keep the numbers of  free parameters small, we 

determine f(n) from the average of  the ratios 
r =  ( (n  = 1, A ) / ( ( n  = 2, A) which yields a statistically 
relevant value g=0.5.  This n-dependence can be re- 
produced by e.g. 

f ( n ) =  1 1+ 2 3 +  ; . 
n 

Decisive for the correct relation f ( n )  are the two 
n = 3 splittings. They exclude definitely all possibili- 
ties besides the two first ones. The data are compati- 
ble with f ( n  ) = 1 /n  but they are slightly in favour o f  
f(n)=~(l+2/n2). 

Very general considerations led Bohr and Mottel- 
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• neutron 

~ o  o proton 

~ / / . n : 3  

I I I I 
50 100 150 200 A 

Table 2 
Parametrization of spin-orbit splittings ¢~o = ½ (2l+ 1 ) f (n  ) g(A ) 

f (n)  g(a) 

= k A  - c  = ( a A l / 3 . ~ . b ~ - l / 3 )  - 2  

=l/n  

- ! ( 1 + 2 / n  2) - - 3  

k= 23.27_+1:4~ a=0.162+_ 0.002 
c=0.583 + 0.013 b=0.157_+0.034 
a= 0.063 a= 0.026 

+ 1  35 k = 2 4 . 5 0 _  t : 2 9  a = 0 . 1 6 5 _ + 0 . 0 0 2  

c=0.597_+0.012 b=0.129_0.031 
t7= 0.060 a= 0.024 

>~ 
Z 

o k  

1/2 
1/3 

0 
0 

I i t 

O O 

I 

• neutron 
o proton 

n=l 
¥ 

• m /n=2 
~a o • o • 

n = 3  

I I I I 
S0 100 150 200 A 

Fig. 1. Reduced spin-orbit splinings for different main quantum 
numbers n. The A-dependence is the result of the fit shown in fig. 
2 corresponding to g(A ) = kA -~. 

son [25 ] to the assumption that E~o decreases propor- 
t ional to A -2/3 with increasing mass number  A. We 
have tried a two-parameter fit to the mass depen- 
dence of the reduced splittings according to 

2 1 
~ k m  - - c  g ( A ) = e ~ O 2 l + l  f ( n )  

The parameters k and c were determined by a least 
squares fit. This could easily be achieved by linear 
regression of the relation in the linear form 
In g(A ) = In k -  c In A. The resulting parameters for 

+ 1  3 5  g ( A )  are k=24.50_l:Z9 and e=0.597_+0.012 if 
f ( n )  = ~ ( 1 + 2 / n  2) was assumed. They changed in- 
significantly with the choice f (  n ) = 1 / n  (compare ta- 
ble 2). Reduced data and fit are shown in fig. 2. Fig. 
1 contains the obtained mass-dependence g ( A )  for 
the individual  groups of ~so '2 / (2/+ 1 ) with n =  1, 2 
and 3. A very intui t ive representation is given in the 
lower part of  fig. 1 which shows the reduced splittings 

2.0 I L I I 

o proton 
1 .5  • neutron 

z 

N .1.0 
• o 

0.5 i 
S 

0 
I I I 

3 4 5 InA 

Fig. 2. Mass dependence of the reduced spin-orbit splitting cor- 
responding to the relation e~o = ½ (2l+ 1 ). ½ ( 1 + 2/n 2) kA -c. 

Eso '2 / (21+l )  for the groups with different main  
quan tum number  n normalized to the fitted mass de- 
pendence g(A) =kA -c. As far as the exponent c is 
concerned, the result c = 0.597 + 0.012 is very similar 
to the first guess c=  ~ of ref. [25 ] but  the small error 
shows that both values are incompatible. 

Since ( ( 1 / r ) d V / d r )  -~/2 is proportional to a 
characteristic A-dependent  length, it is obvious to as- 
sociate this quanti ty with some kind of nuclear ra- 
dius R. According to the fit results, this " sp in-orb i t  
interaction radius" shows a deviation from the usu- 
ally applied A-dependence R = ro A 1/3 of nuclear po- 
tential radii. Guided by a prescription which is used 
to describe nuclear charge densities measured with 
elastic electron scattering [25,26 ], we tried the rela- 
t ion R = q A  ~/3.11_ c2 A - 1/3 to compensate the devia- 
t ion from the A 1/3 dependence. This led to the ansatz 

41 

58 data points, surprisingly not many more even today 
(perhaps another 20-30 or so) 
(Note: we already knew ΔSO ~ –20(l.s)A–2/3 ... B&M)

Gerhart Mairle’s SO scalings

G. Mairle, Phys. Lett. B 304, 39 (1993)



Mairle and the p states
Many recent discussions on spin-orbit partners ... and weak binding
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Mairle versus WS calculations?
Using an “effective” WS parameterization, strong deviations from Mairle seen near threshold

N. Schwierz, I. Wiendenhöver, and A. Volya, arXiv:0709.3525, A. Volya, http://www.volya.net.
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Neutron s states in loosely bound nuclei

C. R. Hoffman, B. P. Kay, and J. P. Schiffer
Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA

(Received 6 November 2013; revised manuscript received 13 May 2014; published 13 June 2014)

In reviewing the data that has accumulated about light nuclei, we find that the binding energy plays a critical
role in describing the variation in energy of s states relative to other states. The behavior of states with zero
angular momentum within a few MeV of threshold is qualitatively different from that of neutron states with
any other ℓ value or of any proton state. This observation is explored for simple Woods-Saxon potentials and
is remarkably successful in describing a wealth of experimental data for nuclei with neutron numbers between
5 and 10. The lingering of neutron s states just below threshold is associated with the increases in radii of the
neutron density distributions, the neutron halos, and leads to speculations about possible halos in heavier nuclei.

DOI: 10.1103/PhysRevC.89.061305 PACS number(s): 21.10.Dr, 21.10.Pc, 25.60.Je

A description for the evolution of nuclear excitations with
neutron excess, from tightly bound stable systems to loosely
bound exotic ones, is a major challenge to our understanding
of nuclear structure. Startling modifications to the spacing and
sequence of single-particle excitations are now experimentally
well documented [1] and closed shells with “magic numbers”
of nucleons, once thought to apply to all nuclei, are now known
to change when moving away from stability.

In light stable nuclei the 0p shell closes with eight nucleons,
accounting for the stability of 16O. The 0d5/2 and 1s1/2 orbitals
are close in binding energy in the vicinity of 16O, but their
spacing increases substantially in lighter nuclei, with the 5/2+

state moving more rapidly in excitation energy than the 1/2+

state. The 1/2− state also moves rapidly with respect to the
1/2+ state. This is illustrated for a subset of the experimental
information (nuclei with seven neutrons) in Fig. 1. In the
present communication we focus on the behavior of the 1/2+

and 5/2+ single-neutron excitations.
We show, through an examination of the simple geometrical

effects of finite binding, that it is the qualitatively different
behavior of neutron s states near threshold which plays an
important role in determining the sequence of levels in loosely
bound light nuclei. To explore the changing pattern of states,
we examine the available data where there is only one neutron
in the 1s0d shell, spanning a range of neutron binding energies.

The behavior of s states near threshold has been commented
on before. Bohr and Mottelson [2] note that “the orbits with
small angular momentum and small binding energy spend an
appreciable amount of time outside the nucleus and thus benefit
less from an increase in the size of the potential than do the
weakly bound orbits with large ℓ.” The effect of phase space
near threshold was discussed by Wigner [3] in the context
of its influence on other open channels (Wigner cusps). The
probability for the occurrence of states near threshold was
discussed by Baz [4] and Inglis [5] in the context of the first
narrow state occurring in 5He at 16.84 MeV, just above the D+T
threshold. In 1964, Barker [6] had mentioned it in the context
of the isospin dependence of s states in light nuclei. More
recently, the behavior of s states near threshold was discussed
by Ozawa [7] in terms of a possible shell gap at N = 16 and by
Hamamoto and Mottelson [8] in the context of various nuclear
structure properties, e.g., changing shell structure, pairing,
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FIG. 1. (Color online) The experimental data available on the
energy En, relative to the neutron threshold, of the 0p1/2, 1s1/2, and
0d5/2 states in N = 7 nuclei. The sources of the data are given in the
appendix. Uncertainties are indicated by shading.

deformation, and halos. Also related to the present work is
a study by Sagawa et al. [9] on the behavior of even-parity
states in N = 7 nuclei. They show that the curvature of the
1/2+ state is evident in Hartree-Fock calculations; however,
the discussion in their paper is in terms of pairing blocking
and coupling to quadrupole core excitations. None of these
discussions make mention of how successfully finite binding
effects provide an explanation for the pattern of behavior
observed in the data.

The intrusion of the 1s1/2 orbital into the 0p shell was
already noted by Talmi and Unna [10] 50 years ago, who
interpreted it in terms of the residual effective interactions
between nucleons. In the sense that the residual interaction
includes any modifications from the free nucleon-nucleon
interaction, it may indeed also approximate the effects of finite
binding, albeit with some difficulty because of the nonlinearity
of the effect.

The shell model has been remarkably successful in describ-
ing the behavior of stable and exotic nuclei in terms of effective
forces that mock up the residual NN interaction. The explicit
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nature of 132Sn. Other optical model potentials [51–53] change by 
∼ 10–20% the extracted spectroscopic factors, but yield the same 
picture.

The data for the 207Pb p−1
1/2 ground-state shown in Fig. 3 (a) 

are from Ref. [49] (21.5 MeV deuteron beam energy). The distribu-
tion is well reproduced by the DWBA calculations with S(3p1/2) =
1.9(1) (only statistical errors are shown), indicating as expected 
full occupancy of the p1/2 orbit. The 131Sn data are shown in 
Fig. 3(b–d). The distribution shown in Fig. 3 (b) is that of the unre-
solved 0–65-keV doublet in 131Sn. Two calculations are presented: 
pick-up from a pure d3/2 state (solid line), yielding S(d3/2) =
5.0(5), and the summed-distribution of pick-up from both the d3/2
and h11/2 orbits (dashed line), which gives S(d3/2) = 4.3(5) when 
S(h11/2) ≡ 12 is assumed. The differential cross section measured 
for the 332-keV state, in Fig. 3 (c), is consistent with the pro-
posed s−1

1/2 configuration [29]. The spectroscopic factor determined 
via sub-Coulomb transfer [21] was 4(3). The theoretical (d, t) reac-
tion analysis, with better-determined potentials, provides a more 
stringent measurement, with S(s1/2) = 2.4(2). For the d5/2 state, 
the S(d5/2) = 6.4(1.8) is consistent with full occupancy of the d5/2
orbit in 132Sn and a pure hole configuration for the 1654-keV state 
in 131Sn. The (7/2+) state at 2343 keV was not observed. All ex-
tracted spectroscopic factors exhaust the full 2 j + 1 spectroscopic 
strength and indicate within the error that the low-lying s and d
excited states in 131Sn are good single-hole states. Having assessed 
their single-hole nature, the !so for the 2d3/2 and 2d5/2 orbits 
can be taken as the energy difference between the ground and 
1654-keV states. The SO energy splitting of the strongly bound 2d
orbits is key to the following discussion, since it permits the de-
termination of the strength of the SO potential in 132Sn. To better 
explain this point, and the observed differences of the !so values, 
it is useful to include a reminder of the one-body potential de-
scription of the SO interaction.

A general definition of the average spherical nuclear potential 
for neutrons is given by [4]:

U (r) = V 0(r) + Vls(r) = V 0 f (r) + Vlsr2
0ℓ · s

1
r

∂

∂r
f (r), (1)

where V 0 and Vls are respectively the central and SO potential 
strengths, and where f (r) is a radial function of central Woods–
Saxon type:

f (r) =
[

1 + exp
(

r − R
a

)]−1

, (2)

where R = r0 A1/3 and r0 and a are the radius and diffuseness pa-
rameters. In this model, the SO interaction is of necessity a surface 
term. By approximating Vls(r) to a δ function at the nuclear sur-
face [4],

⟨Vls(r)⟩ ≈ Vls(ℓ · s)r2
0 RR2(R) (3)

where R(R) is the amplitude of radial neutron wavefunctions at 
the mean nuclear radius R . For orbits bound from a few MeV up 
to 10 MeV, the dimensionless quantity R3R2(R) is fairly inde-
pendent of the specific orbit involved, and is on average 1.4 with 
10–20% fluctuations. In this approximation, the SO energy shifts 
of bound states are approximately 1.4Vls(ℓ · s)A−2/3, similar to 
those observed in stable nuclei [4]. It follows that !so increases 
linearly with (ℓ + 1/2), with the expectation that the quantity 
!so/(ℓ + 1/2) is nearly the same for strongly bound orbits.

The !so values for the 3p, 2d and 2 f orbits in 132Sn are plot-
ted as a function of ℓ in Fig. 4 (a), where the energies of the p
and f orbits are from Ref. [17,19]. The experimental uncertainties 
for the tin data depend on possible unobserved states; however, 

Fig. 4. (Left) !so values vs. orbital angular momentum ℓ in 132Sn (a) and 208Pb (b). 
For 208Pb, the uncertainties are smaller than the size of the symbols. Experimen-
tal !so (filled symbols) are compared with a linear (ℓ + 1/2) dependence (dashed 
line) and with Woods–Saxon calculations (open circles). The experimental values 
for 132Sn are from this work and Ref. [29] (2d), and from Ref. [19] (3p and 2 f ). For 
208Pb, !so values are from Ref. [54]. (Right) The quantity !so/(ℓ + 1/2), calculated 
for different orbits as a function of binding energy in 132Sn (c) and 208Pb (d). The 
experimental !so values, represented by the symbols, are plotted vs the binding 
energy of the j< states.

the large spectroscopic factors revealed by both transfer measure-
ments, and the doubly-magic character of 132Sn, indicate that a 
significant fragmentation of the single-hole strength among several 
levels is very unlikely, and an average uncertainty of ±150 keV
was adopted, from comparison with 208Pb and the discussion in 
Ref. [54].

The (ℓ + 1/2) proportionality is described by the straight line 
in Fig. 4 (a), scaled to the !so of the 2d5/2 and 2d3/2 orbits, with 
respective binding energies of −9.007(4) and −7.353(4) MeV [35]. 
The weakly bound neutron 3p and, to a lesser extent, the 2 f orbits 
deviate from the linear proportionality, with the largest reduction 
shown by the 3p data. The 208Pb energy splittings presented in 
Fig. 4 (b) illustrate the same effect. In this case, it is the weakly 
bound 3d neutron orbits that exhibit the largest deviation.

The observed splittings are well reproduced by the calcula-
tions labeled “Woods–Saxon”, performed using the potential of 
Eq. (1), with r0 = 1.27 fm, a = 0.67 fm, and the Bohr and Mot-
telson parameterization of V 0 and Vls for neutron orbits, i.e. V 0 =
−51 + 33(N − Z)/A MeV and Vls = C V 0 [4], where the symbols 
take their usual meanings. C is an isotope-specific normalization 
constant, and is approximately −0.44 in medium-heavy nuclei [4]. 
In this work, its value was determined from the !so of the strongly 
bound orbits, yielding C = −0.3344 and C = −0.3168 respectively 
in 132Sn and 208Pb. In the calculations, the bare nucleon mass, 
940 MeV/c2, was employed. The theoretical !so were obtained 
from the binding energies of the calculated wavefunctions. The 
agreement is remarkable, since in the calculations both the cen-
tral and the SO potential strengths are the same for all orbits.

In addition to the neutron data, it is interesting to point out 
that, assuming a single-proton configuration for the low-lying 
states in 133Sb and 131In, the !so of the strongly bound proton 2p
and 2d orbits in 131Sn (respectively 988 [32] and 1680 keV [54]
inferred from γ -ray spectroscopy measurements), would also lie 
close to the straight line in Fig. 4 (a). The same observation holds 
true for the strongly bound 2d proton-orbit in 208Pb.

The dependence of !so/(ℓ + 1/2) on the binding energy of in-
dividual orbits was calculated by varying the depth of the central 
potential V 0, keeping Vls unchanged, and it is shown for 132Sn and 
208Pb, respectively in Fig. 4 (c) and (d), where the symbols cor-
respond to the experimental data. The calculations illustrate that 
!so/(ℓ + 1/2) is nearly constant for strongly bound orbits, and 
rapidly decreases when the binding energy is less than ∼ 3 MeV, 
with the largest drop shown by the low-ℓ orbits. Due to the weak 
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FIG. 1. (a) Experimental binding energies of the neutron 1p3/2 (green circles) and 1p1/2 (purple triangles) orbitals as a
function of the fitted depth of the Woods-Saxon potential and compared to the calculated values (solid curves) with a fixed
geometry. The red symbols highlight the 33Si data. (b) SO-splitting of the neutron 1p-orbitals as a function of the corresponding
neutron 1p3/2-orbital binding energies. The shaded band shows the result of the Woods-Saxon calculation with the associated
uncertainties.

nuclei. In particular, knowledge of the change in SO
splitting from S (Z = 16) to Si (Z = 14) is crucial to de-
termine whether there is a sudden reduction of SO split-
ting due to the removal of the 1s1/2 protons in the core.
In the present work, the SPEs of the neutron 1p and
0f7/2 orbitals in 33Si have been determined. In partic-
ular, the 1/2� state carrying the dominant fragment of
the 1p1/2 single-particle strength, which determines the
SO splitting, has been observed for the first time.

Figure 1(a) shows the evolution of binding energies of
the neutron 1p1/2 and 1p3/2 orbitals reconstructed from
the current measurement and literature data, as a func-
tion of the fitted depth of a Woods-Saxon potential. The
latter was adjusted to reproduce their binding energies
using standard parameters [5]. In Fig. 1(b), the SO split-
ting ( �SO) of N = 17, 19, and 21 isotones are summa-
rized and plotted as a function of the corresponding neu-
tron 1p3/2 SPE. A strikingly smooth evolution in the SO
splitting is seen as the nuclei become less bound, reduc-
ing from around 2 MeV to 1 MeV. Importantly, there is
no significant deviation from this trend across any of the
isotonic chains. The smooth evolution of SO splitting is
reproduced by the Woods-Saxon calculations, which in-
clude data in the region approaching zero neutron bind-
ing energy.

The experiment to study 33Si was carried out at the
ReA6 reaccelerator-beam facility of the National Su-
perconducting Cyclotron Laboratory (NSCL). The 8.3-
MeV/u 32Si beam, a long-lived radioisotope, had an in-
tensity of approximately 105 particles per second and
a purity of ⇠90%. Protons produced by reactions of

the 32Si beam impinging on a 120-µg/cm2 (CD2)n tar-
get were analyzed by the newly developed SOLARIS
solenoidal spectrometer [12] with a magnetic field of 3 T.
SOLARIS is based on the solenoidal spectrometer con-
cept pioneered at Argonne National Laboratory [13–15].
SOLARIS was set up in a similar way to that described
in Ref. [16]. The energies and positions at which the pro-
tons returned to the beam axis were measured using the
HELIOS four-sided array of position-sensitive silicon de-
tectors (PSD). The projectile-like Si recoils were detected
by a set of square (5⇥5 cm2) recoil Si detector telescopes
arranged in quadrants. The recoil detectors were 53-µm
and 150-µm thick, serving as �E and E detectors, and
were shielded from the primary beam by an 8-mm diam-
eter blocker. The �E-E spectra clearly separated the Si
recoils from the S contamination in the beam. A 20-ns
timing coincidence between the protons and the recoils
was applied to select the (d,p) reaction channel and to
reduce the background.

Figure 2 shows the excitation-energy spectrum of 33Si,
deduced from the protons in coincidence with the 33Si
recoils. A Q-value resolution of approximately 150 keV
FWHM was achieved. Four known, low-lying states of
33Si [17, 18] are clearly identified in the spectrum, corre-
sponding to the ground (3/2+), 1.01-MeV (1/2+), 1.435-
MeV (7/2�), and 1.981-MeV (3/2�) states. They are
associated with the transfer of a neutron into the 0d3/2,
1s1/2, 0f7/2 and 1p3/2 orbitals, respectively. Two new
states are observed at 3.19(2) and 3.58(2) MeV, below the
neutron-separation energy (Sn = 4.508 MeV). There are
also two weakly populated resonances observed at around
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The Woods-Saxon calculations suggest that between
Gd (Z ¼ 64) and Er (Z ¼ 68) there are no bound excited
states in these N ¼ 127 nuclei. If there are no bound
excited states and only a bound 9=2þ ground state, it is
difficult to see how capture would proceed. The level
density in the continuum will be very low and the usual
statistical estimates are not applicable. Direct capture can
take place if there is an appreciable component of odd-
parity phase shifts with l ¼ 4# 1. But such single-neutron
excitations are far from the neutron threshold. Direct
capture with higher than an E1 multipole is inhibited
[20]. In odd-Z nuclei, a member of a multiplet coupled
to an h11=2 proton hole may provide a basis for a neutron
capture and subsequent β decays. A microscopic descrip-
tion of the bottleneck for the r process will need consid-
erably more data to allow for a more quantitative
description. The bottleneck for N ¼ 126 appears to be
more significant than for N ¼ 82, where for N > 82 there
are odd-parity p orbitals [22].
Referring back to the r-process path shown in Fig. 1, the

N ¼ 126 bottleneck starts around Z ¼ 54, and capture
reactions beyondN ¼ 126, starting in the first few tenths of
a second into the r process, occur around Z ¼ 64# 2.
The Woods-Saxon calculations shown here, constrained to
new data at 207Hg which includes excited states, are broadly
in line with this picture. The UNEDF0 and FRDM2012
models used to predict the neutron separation energy also
agree with the experimental data at 80 < Z < 84, the latter
consistent with the Woods-Saxon calculations when
extrapolated to low Z.
Beyond knowing the ground-state binding energy,

knowledge of the excited states in 207Hg offers a first

glimpse of the changes of shell structure of this region,
changes that might impact the r process. This work marks
the first exploration of the structure of the N ¼ 127 nucleus
207Hg, and paves the way for future experimental studies
of this region with the new ISS at ISOLDE and at next
generation radioactive ion beam facilities about to come
on-line.
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Weak binding across the chart ... universal effect?

https://www.nndc.bnl.gov/nudat3/, filtering on Sn



32Si beam at 8.3 MeV/u, ~1e5 pps, 90% purity, 120 μg/cm2 CD2 target
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A regionally smooth trend, no abrupt changes
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FIG. 1. (a) Experimental binding energies of the neutron 1p3/2 (green circles) and 1p1/2 (purple triangles) orbitals as a
function of the fitted depth of the Woods-Saxon potential and compared to the calculated values (solid curves) with a fixed
geometry. The red symbols highlight the 33Si data. (b) SO-splitting of the neutron 1p-orbitals as a function of the corresponding
neutron 1p3/2-orbital binding energies. The shaded band shows the result of the Woods-Saxon calculation with the associated
uncertainties.

nuclei. In particular, knowledge of the change in SO
splitting from S (Z = 16) to Si (Z = 14) is crucial to de-
termine whether there is a sudden reduction of SO split-
ting due to the removal of the 1s1/2 protons in the core.
In the present work, the SPEs of the neutron 1p and
0f7/2 orbitals in 33Si have been determined. In partic-
ular, the 1/2� state carrying the dominant fragment of
the 1p1/2 single-particle strength, which determines the
SO splitting, has been observed for the first time.

Figure 1(a) shows the evolution of binding energies of
the neutron 1p1/2 and 1p3/2 orbitals reconstructed from
the current measurement and literature data, as a func-
tion of the fitted depth of a Woods-Saxon potential. The
latter was adjusted to reproduce their binding energies
using standard parameters [5]. In Fig. 1(b), the SO split-
ting ( �SO) of N = 17, 19, and 21 isotones are summa-
rized and plotted as a function of the corresponding neu-
tron 1p3/2 SPE. A strikingly smooth evolution in the SO
splitting is seen as the nuclei become less bound, reduc-
ing from around 2 MeV to 1 MeV. Importantly, there is
no significant deviation from this trend across any of the
isotonic chains. The smooth evolution of SO splitting is
reproduced by the Woods-Saxon calculations, which in-
clude data in the region approaching zero neutron bind-
ing energy.

The experiment to study 33Si was carried out at the
ReA6 reaccelerator-beam facility of the National Su-
perconducting Cyclotron Laboratory (NSCL). The 8.3-
MeV/u 32Si beam, a long-lived radioisotope, had an in-
tensity of approximately 105 particles per second and
a purity of ⇠90%. Protons produced by reactions of

the 32Si beam impinging on a 120-µg/cm2 (CD2)n tar-
get were analyzed by the newly developed SOLARIS
solenoidal spectrometer [12] with a magnetic field of 3 T.
SOLARIS is based on the solenoidal spectrometer con-
cept pioneered at Argonne National Laboratory [13–15].
SOLARIS was set up in a similar way to that described
in Ref. [16]. The energies and positions at which the pro-
tons returned to the beam axis were measured using the
HELIOS four-sided array of position-sensitive silicon de-
tectors (PSD). The projectile-like Si recoils were detected
by a set of square (5⇥5 cm2) recoil Si detector telescopes
arranged in quadrants. The recoil detectors were 53-µm
and 150-µm thick, serving as �E and E detectors, and
were shielded from the primary beam by an 8-mm diam-
eter blocker. The �E-E spectra clearly separated the Si
recoils from the S contamination in the beam. A 20-ns
timing coincidence between the protons and the recoils
was applied to select the (d,p) reaction channel and to
reduce the background.

Figure 2 shows the excitation-energy spectrum of 33Si,
deduced from the protons in coincidence with the 33Si
recoils. A Q-value resolution of approximately 150 keV
FWHM was achieved. Four known, low-lying states of
33Si [17, 18] are clearly identified in the spectrum, corre-
sponding to the ground (3/2+), 1.01-MeV (1/2+), 1.435-
MeV (7/2�), and 1.981-MeV (3/2�) states. They are
associated with the transfer of a neutron into the 0d3/2,
1s1/2, 0f7/2 and 1p3/2 orbitals, respectively. Two new
states are observed at 3.19(2) and 3.58(2) MeV, below the
neutron-separation energy (Sn = 4.508 MeV). There are
also two weakly populated resonances observed at around
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A universal fate for SO partners?
There is limited new data available since Mairle's work (58 SO partners ... perhaps 20-30 
more). Much of it is around N ~ 20 … and likely more to come in the coming year or so
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Other effects?
While it is tempting to say it must be driven by other effects, it is not obvious at this point
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The current generation of RIB facilities are weak-
binding playgrounds …

A universal fate for SO partners?
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AT-TPC@ISS (a tantalizing prospect): 
++Approach to 130Cd + n (fp states)? 

++Approach 78Ni + n ([s]d states) 
++Access to 32Mg + n (p states)

Sn < 4 MeV
Sn < 2 MeV
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And so …
FRIB, and similar facilities, are weak-binding 
playgrounds … that is the physics of the coming 
decades. We are starting to see some emerging 
phenomena 

The evolution of ESPEs has been astonishingly 
instructive in informing our understanding of nuclear 
structure. The fact they seem to 'sit of top' of other 
features is not yet obvious. The weak binding 
effect, a major topic of study, seems to be 
ubiquitous. 

Revisiting Mairle's scalings has permitted another 
way of demonstrating this ... the results are quite 
emphatic (and seemingly predictive).
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I (we) wholeheartedly thank you 
(RVFJ) for all the wonderful 

opportunities you have given me 
(and us). I hope I have gone some 

way towards justifying those 
hirings many years ago …


