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The organizing committee who gently pressured me into speaking at this 
event and for their support and wisdom in putting the event together. 

(In no particular order) A very special thank you to Peter Littlewood and 
the University of Chicago for their support of this event, to Kawtar 
Hafidi and the Physical Sciences and Engineering Directorate, and to Paul 
Kearns and the Office of the Director.  

Finally, Robin Harris, Barb Weller, Paula Dahlberg, Colleen Tobolic, who 
have helped me a lot with logistics and likely have no desire to see or hear 
from me again for quite some time.

Thank you



3

I first met John at the tandem lab in Yale in November of 2005. I was 
terrified at the time of our first encounter. We worked closely together 
ever since.

"pls see me"
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"The interesting thing about Ben is that he worked with John as a postdoc 
... and in spite of this, he still accepted a position here ..." 

-- (Paraphrasing) Kim Lister introducing me at a PHY Seminar I gave 
in 2013, shortly after rejoining the Division as a member of staff

"pls see me"
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Outline

I want to use two examples that show John's approach to science* 

•The impact of "weak binding" (s-states, bubbles, ISOLDE, FRIB, ...) 

•Deep thinking ... (quenching) and the tin paper, single-particle energies 

•John in his own words

*From ~2000 to 2022 ... the impact of his work, and its relevance at the 
forefront of research today, is quite remarkable ... as I hope to show.

"The fascinations of physics" 
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A process

•Idea/result/plot (postdoc) 

•Not always a positive response, but ... (John) 

•Deep thinking and suggestions (a lot of work for 
postdoc, rich experience) 

•Enthusiasm (both) 

•Deeper thinking, systematics, insight, impact



10 Some of Calem's early work with HELIOS
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SINGLE-NEUTRON EXCITATIONS IN 18N PHYSICAL REVIEW C 88, 044317 (2013)
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FIG. 5. (Color online) Lowest-lying experimental J π = 5/2+,
3/2+, and 1/2+ excitations in N = 11 nuclei. Level energy centroids
are given by the round data points, and all levels are plotted relative
to the 5/2+ centroid energies. The grey box represents the possible
1/2+ centroid energy range in 18N. The solid black lines connect
corresponding levels in 19O to 17C.

A plot, originated by Talmi and Unna [21] for the N = 7
and 9 isotones, is shown in Fig. 5 illustrating the evolution
of the lowest-lying 5/2+, 3/2+ and 1/2+ energy centroids in
the N = 11 isotones of carbon (Z = 6), nitrogen (Z = 7),
and oxygen (Z = 8). The energies are plotted relative to
the 5/2+ states for 19O [2] and 17C [20], while in 18N
the S(2Jf + 1) weighted centroid of the 2−

1 0.12- and 3−
1

0.74-MeV states determined the 5/2+ energy. Only the 1−

state of the ℓ = 0 component was observed. An estimated
range for the 1/2+ centroid was determined using an excitation
energy of the 0− state ranging from 1 MeV below the 1−

energy (E∗ = 0.17) to 0.5 MeV above it (E∗ = 1.67 MeV).
Only a (2Jf + 1) weighting was applied in this case. The
possible ℓ = 0 centroid range under these assumptions covered
E∗ = 0.900–1.315 MeV and is shown by the gray box in Fig. 5.
To calculate the 3/2+ centroid from the 1−

1 and 2−
2 states only

a (2Jf + 1) weighting was used as well. The level and centroid
energies used in Fig. 5 are given in Table II.

One may expect that the centroids of the 3/2+ states
(accessible in N = 11) based on the (νd5/2)3 configuration,
if containing only d5/2 neutrons, would have a fixed energy
relative to the 5/2+ states based on the same configuration.
Indeed, shell-model calculations using the WBP interaction
confining the valence neutrons to only the 0d5/2 orbital show
a constant relative 3/2+ to 5/2+ energy for 19O, 18N, and 17C
(∼0.6 MeV). The relative 3/2+ energy centroids do, however,
change as a function of $Z, and the rate of change appears
to be linear. This rate also appears to be approximately linear
for the relative 1/2+ energies, indicating that contributions
from the neutron 1s1/2 orbital impact the 3/2+ energies. The
increase in influence of the neutron 1s1/2 orbital from 19O
to 17C is in line with an increase in the (1s1/2)2 ground-
state admixture for the N = 10 isotones considering that the
normalized strengths measured in 18N (Table I) correspond to
a (1s1/2)2 admixture in the 17N, 1/2− ground state of !25%.

TABLE II. Excitation energies for the lowest 5/2+, 3/2+, and
1/2+ states. Uncertainties greater than 1 keV are explicitly given.

AZ Interaction E∗ (MeV)

5/2+ 3/2+ 1/2+

17C Exp 0.330(4) 0.0 0.214(4)
WBP 0.032 0.0 0.295
WBT 0.0 0.078 0.268

VMU(p-sd) 0.089 0.0 0.011

18N Exp 0.484(8)a 0.367b 0.900–1.315b

WBP 0.299 0.391 1.031
WBT 0.381 0.531 1.118

VMU(p-sd) 0.266 0.188 0.766

19O Exp 0.0 0.096 1.472
WBP 0.0 0.294 1.470
WBT 0.0 0.294 1.470

VMU(p-sd) 0.0 0.130 1.360

aEnergy centroid, weighted by S(2Jf + 1).
bEnergy centroid (range), weighted by (2Jf + 1).

This same value measured in 16C is ∼ 30% from a (d,p)
measurement [53], and in 18O there is a contribution of ∼12%
as determined from 18O(d,t) spectroscopic strengths [2]. The
above trends for the relative 1/2+ to 5/2+ energies are also in
agreement with the known reduction of the N = 14 shell gap
between Z = 8 to 6 for other neutron numbers [13,21,54–56].

A linear fit to the 3/2+ data, having two free parameters
(slope and offset), resulted in a slope of 0.22 MeV/$Z. A
similar fit was carried out for the 1/2+ energies, including the
centroid limits in 18N (Table III). The range of the results for the
1/2+ energies contains the corresponding value for the N = 9
isotones of 0.81 MeV/$Z [2,21,22]. Using the relative 1/2+

energies from 19O and 17C, and assuming a linear dependence
on isospin, we expect that the 1/2+ centroid in 18N should
lie at E∗ ≈ 1.2 MeV, nearly the same energy as the 1−

2 state
[E∗ = 1.17(2) MeV].

A plot of the type in Fig. 5 was investigated for calculated
energies from the WBP [46], WBT [46], and VMU(p-sd) [47]
interactions. The resulting energies are given in Table II with
their corresponding fitted linear slopes in Table III. None of
the interactions were able to reproduce the individual relative
energy differences, or their trends, in all three nuclei. However,
the calculated results could be considered consistent within
uncertainties (a few hundred keV). Interestingly, by plotting
the WBP energies as a function of the calculated π0p1/2
occupancy instead of $Z, there was better agreement with
the measured slopes.

TABLE III. Slopes from the fitted energy centroids.

Slope (MeV/$Z)

Exp WBP WBT VMU(p-sd)

3/2+–5/2+ 0.22 0.16 0.11 0.11
1/2+–5/2+ 0.75–0.85a 0.60 0.60 0.72

aSlope of 0.79 MeV/$Z from 17C and 19O energies only.

044317-5

Something interesting to show John



12 "That's just Talmi and Unna, but for N = 11" ...
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•An idea/result/plot 

•Not always a positive 
response, but ...  

•Deep thinking and 
suggestions, 

•Enthusiasm, 

•Deeper thinking and 
systematics, insight, 
influence



17

Not new

Of course, Bohr and Mottelson noted this in Volume I of the Bible. We put 
together the data and considered the NN interaction part ... systematics, 
deeper insight, putting the pieces together.
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More enthusiasm

More on this after an interlude
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Interlude 1: Homework from Berkeley
On May 3-5, 2017, I was in Berkeley to give a seminar. Augusto gave me 
several bits of "homework" ... I failed to do any of it, but his talking about 
the bubble nucleus 34Si got me curious. The dramatic movement of the p-
states (the p1/2 in particular) along N = 21 just didn't seem quite right to 
me ... and could it be weak binding? (we sort of ignored p states originally)

Effect of Weak Binding on the Apparent Spin-Orbit Splitting in Nuclei

B. P. Kay,1,* C. R. Hoffman,1 and A. O. Macchiavelli2
1Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA

2Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, California 94720, USA
(Received 25 May 2017; revised manuscript received 20 July 2017; published 31 October 2017)

The apparent splitting between orbitals that are spin-orbit partners can be substantially influenced by the
effects of weak binding. In particular, such effects can account for the observed decrease in separation of
the neutron 1p3=2 and 1p1=2 orbitals between the 41Ca and 35Si isotopes. This behavior has been the subject
of recent experimental and theoretical works and cited as evidence for a proton “bubble” in 34Si causing an
explicit weakening of the spin-orbit interaction. The results reported here suggest that the change in the
separation between the 1p3=2 and 1p1=2 partners occurs dominantly because of the behavior of the energies
of these 1p neutron states near zero binding.

DOI: 10.1103/PhysRevLett.119.182502

To describe the ordering of levels in nuclei and the
pattern of magic numbers, a spin-orbit interaction had to be
added to the nuclear Hamiltonian, which is the basis of the
very successful nuclear shell model [1]. The magnitude of
the spin-orbit interaction is determined empirically and is
not fully understood quantitatively. The spin-orbit coupling
must be a surface term, and is usually included in the one-
body mean field as a potential proportional to the derivative
of the nuclear density.
Recent works have postulated the presence of a proton

“bubble” in 34Si [2,3], suggesting that the central depletion
in the proton density results in an “interior” contribution to
the spin-orbit interaction, opposite in sign to that of the
outer surface, causing a reduction by a factor of approx-
imately 2 in the spin-orbit splitting of the neutron 1p
orbitals. In this Letter we show that the low binding energy
of the neutron states considered quantitatively accounts for
the reduction. The effects of weak binding must be taken
into account before other explanations are considered.
Data [4,5] from neutron-adding (d,p) reactions on 40Ca,

38Ar, 36S, and most recently 34Si using a radioactive ion
beam [2] provide information on the location of the 1p3=2
and 1p1=2 single-particle strength outside of the N ¼ 20
closed neutron shell. This information is reasonably com-
plete. Using the dominant fragments of the neutron 1p3=2

and 1p1=2 strength as a measure of the single-particle
energies it was shown [2] that the spin-orbit splitting
between the neutron 1p3=2 and 1p1=2 states decreases by
almost 1 MeV from 41Ca to 35Si, with most of that decrease
happening between 37S and 35Si. To first order, the use of
the dominant fragments is a fair approximation, although
the actual centroids, which can be determined from the
available experimental data [6] (see also the Supplemental
Material [7]), lie at slightly different energies. In Fig. 1, we
show the binding energy of the 1p3=2 and 1p1=2 centroids.
Immediately it can be seen that the 1p orbitals move closer
to each other, with the separation changing smoothly by

about 1 MeV as Z decreases. There is no experimental
evidence for an abrupt change between S and Si for the
centroids. The 1p1=2 state is close to the separation
threshold at 35Si.
It was recently emphasized [8,9] that bound states with

low angular momentum, especially s states, linger below
threshold, showing a reluctance to become unbound. Such
effects had already been noted by Bohr and Mottelson [10].
The bulk features of the dramatic variations in the sepa-
ration of the proton and neutron 1s and 0d orbitals between
He and O can be attributed to weak-binding effects on the s
states, with the tensor and spin-orbit components of the
residual two-body proton-neutron interaction accounting
for only a small fraction of the total change [8,9].
The “lingering” effect means that the rate at which the

eigenstate moves with changing radius of the potential
changes as the state approaches zero binding. Hamamoto
and Sagawa [11] explored the splitting between the 1p3=2 −
1p1=2 states for a generic A ¼ 44 system using a finite
nuclear potential and observed a substantial decrease in the

FIG. 1. Experimentally determined binding energies [4,6] of
the 1p3=2 and 1p1=2 single-particle (centroid) energies for 35Si,
37S, 39Ar, and 41Ca.

PRL 119, 182502 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

3 NOVEMBER 2017

0031-9007=17=119(18)=182502(4) 182502-1 © 2017 American Physical Society

"We thank John Schiffer ... for insightful comments"
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Bubble or binding?
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Postulated to be the consequence of a "proton bubble"
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ν1p1/2

ν1p3/2

π1s1/2

(John was quite amused by this image [to my surprise])
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States versus single-particle energies



24

splitting as the 1p1=2 moved close to threshold. This
demonstrated that while such effects are most pronounced
for zero-angular-momentum neutrons, they are also sig-
nificant for an angular momentum of 1 unit for which the
centrifugal barrier is still relatively small, at ∼500 keV.
In the following, we will discuss how the changes

observed 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
effects, calculations were carried out with a Woods-Saxon
potential using the code of Volya [12] 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 34Siþ n and 40Caþ n and from
Woods-Saxon calculations with potential parameters
r0 ¼ 1.28 fm, a ¼ 0.63 fm, rso0 ¼ 1.1, aso ¼ 0.65 fm,
and Vso ¼ 6 MeV (as used in Ref. [8]). The depth of
the potential was chosen to reproduce the binding of the
1p3=2 orbital. Note that 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 fragmentation 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

sensible parameters, for example, r0 ¼ 1.25–1.28 fm,
a ¼ 0.60–0.75 fm, rso0 ¼ 1.1, aso ¼ 0.65–0.80 fm, and
Vso ¼ 6–7.5 MeV, were explored. In these cases, the depth
of the binding potential was again chosen to reproduce the
experimental binding energy of the 1p3=2 orbital. Typical

potential depths for 40Caþ n were around 52 MeV and for
34Siþ n, 47 MeV, consistent with the global parameter-
ization of Ref. [13]. For some of the parameter sets, the
1p1=2 is just slightly bound (by a few hundred keV) and
for others slightly unbound. The change in the separation
between the 1p3=2 and 1p1=2 spin-orbit partners from
41Ca to 35Si is relatively insensitive to the choice of the
parameters, varying from around 0.7–0.9 MeV. The relative
proximity of these orbitals to the separation threshold is
what dominates the change in separation between the 1p
orbitals, without invoking a weakening of the spin-
orbit force.
Figure 3 shows the difference in binding energies of the

1p3=2 and 1p1=2 neutron single-particle orbitals from the
experimental data and from the Woods-Saxon calculations
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 characterizing 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 approaches

the neutron separation threshold in a manner similar to the
experimental data.As the state approaches threshold itmoves
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 dominant features of the experimental
data are quantitatively described by the consequences of
weak-binding effects on the 1p1=2 orbital, this effect must
be taken into account before discussing any changes in the
spin-orbit interaction strength.
The lingering below threshold is associated with

extended rms radii. While bound states with higher l

(a) (b)

FIG. 2. For (a) 35Si and (b) 41Ca, a comparison of the
experimentally determined binding energies (Exp.) [6] 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.

FIG. 3. A comparison between experimental spin-orbit splitting
of the 1p states at N ¼ 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 region
is to give a measure of the uncertainties associated with the
calculations. The uncertainties on the experimental data points
are discussed in Ref. [6].

PRL 119, 182502 (2017) P HY S I CA L R EV I EW LE T T ER S
week ending

3 NOVEMBER 2017

182502-2
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Discussions persist, data grows

P. T. MACGREGOR et al. PHYSICAL REVIEW C 104, L051301 (2021)

provides information on single-particle properties of negative-
parity states in 29Mg that is needed to properly understand
cross-shell effective interactions and to provide important
benchmarks for developing new interactions.

Energy levels in 29Mg have been obtained through a vari-
ety of techniques such as β decay (Ref. [11], for example),
β-delayed spectroscopy [12], and multinucleon transfer re-
actions (Refs. [13–15]). Single-neutron knock-out reactions
from 30Mg have been measured [16], but these probe hole
states and only weakly populate the negative-parity states of
interest here. A measurement of the 28Mg(d,p) 29Mg reac-
tion extracted cross sections for the strongest fragments of
strength [17]; the resolving power of the technique used here
allowed a more comprehensive study of 29Mg, in particular,
the detailed fragmentation of single-particle states.

Single-nucleon transfer-reactions are an ideal probe for
single-particle information. Angular distributions enable the
assignment of the orbital angular momentum ℓ transferred.
Comparisons of experimental cross sections with predictions
of reaction models allow the extraction of spectroscopic fac-
tors, reduced cross sections dependent on the overlap between
initial and final states, that provide a measure of single-
particle content.

Here we used a solenoid magnet to transport light ions,
emitted following reaction of the beam with a deuterated-
polyethylene target, to a position-sensitive array [18,19]
aligned along the magnetic-field axis. This technique yields
excellent Q-value resolution without needing additional de-
tectors, such as γ -ray arrays. It allows studies of long-lived
states and states above particle-emission thresholds, which
have no prompt γ rays. The new ISOLDE Solenoidal Spec-
trometer (ISS) exploits this technique with radioactive beams
produced via the isotope separation online technique.

The HIE-ISOLDE Linac [20] delivered a beam of 28Mg
at 9.47 MeV/u with intensities of ≈1 × 106 pps. Magnesium
atoms were produced following the bombardment of a silicon-
carbide target by 1.4-GeV protons and resonantly ionized
by the resonance ionization laser ion source (RILIS) [21],
mass separated and injected into an ion trap [22], raised to
a 9+ charge state using an electron-beam ion source [23], and
injected into the linac. Reactions from small amounts of 28Si
beam contamination (< 10%) were identified and separated
from the events of interest (see below).

ISS consists of a large-bore superconducting solenoid, op-
erated at 2.5 T with the magnetic axis along the beam axis.
The beam passes through a hollow position-sensitive silicon
detector (PSD) array, redeployed from the HELIOS spec-
trometer [18]. Protons emitted from the CD2 target (also on
axis) in the backward hemisphere follow a helical orbit in the
field, returning to axis after a cyclotron period, where they are
detected in the PSD array. Two array-to-target distances were
used (−137 and −107 mm, as measured from the target to the
nearest detector edge) giving a center-of-mass angle coverage
of 10◦ < θc.m. < 35◦ for population of most of the final states.
Two targets of nominal thicknesses 80 and 120 µg/cm2 were
used.

An annular silicon detector was positioned 125.7 mm
downstream of the target to monitor elastically scattered
deuterons, providing a measurement of the product of tar-
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FIG. 1. Excitation spectrum for states populated in the
28Mg(d,p) 29Mg reaction at 9.47 MeV/u across all the array. States
are labeled with energy in keV and angular-momentum transfer. The
dotted line indicates the neutron-separation energy. Gaussian fits to
peaks are overlaid for bound (red) and unbound (purple) states.

get thickness and beam dose. The elastic-scattering cross
section, required to determine this product, was calculated
using the optical-model parameters described below. Absolute
cross sections were extracted with an estimated uncertainty
of ≈25%, with dominant sources of error arising from un-
certainties in detector position and elastic-scattering cross
section. A silicon recoil telescope, situated 141 cm down-
stream of the target and divided into four quadrants, consisted
of ≈ 65 µm %E and ≈ 500 µm E detectors. This provided
particle identification to remove reactions arising from beam
contaminants and a timing reference to identify proton-recoil
coincidences via time-of-flight measurements. More detail on
the setup and detector performance can be found in Ref. [24].

Figure 1 shows the resulting excitation-energy spectrum
for states in the residual 29Mg nucleus, after application of
recoil energy and coincidence conditions. Unbound states
are identified through measurement of 28Mg recoils in co-
incidence with a proton in the array. The energies of states
have been calibrated using known excitation energies from
Ref. [25]. An excitation-energy resolution of ≈ 150 keV full-
width-half-maximum was obtained.

Yields were extracted for nine peaks at up to 12 center-of-
mass angles to construct angular distributions. An additional
three peaks above 5.5 MeV were identified in a spectrum
combining all angles, yielding only an integrated cross section
over the θc.m. acceptance of the array. Figure 2 shows the
measured angular distributions compared to distorted-wave
Born approximation (DWBA) calculations performed using
the finite-range code DWUCK5 [26]. Choices of input param-
eters are consistent with those from the systematic study in
Ref. [27]. Calculations for transfer to unbound states used
the prescription of Ref. [28]. The θc.m. range of the distribu-
tions is determined by the angular acceptance of the on-axis
array and recoil detectors. In particular, the latter limits the
forward-angle coverage of higher lying states, which can be
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action, with widths representing experimental uncertainties in 31Si,
onto which they are shifted. (Bottom) Calculated nucleon occu-
pancies for N = 17 isotones from FSU interaction (lines). Symbols
represent neutron occupancies extracted from the data.

completeness, the state at 6043 keV matches best in strength
to a predicted 5/2− state.)

The total strength in these orbitals is then consistent across
the three isotopes with an rms deviation of around 10%.
The associated single-particle centroids are compared to those
from the FSU shell-model calculations in Fig. 4, shifted onto
the experimental data for 31Si. There is excellent agreement
between observed changes in binding energy and the calcu-
lations. The shell-model interactions seem to describe the
29Mg data and the evolution of single-particle centroids away
from stability reasonably well with only the requirement of
0p-0h and 1p-1h excitations for positive- and negative-parity
states, respectively. Qualitatively the evolution can be de-
scribed in terms of the interaction between d5/2 protons (filling
between oxygen and silicon as shown in Fig. 4) and different
neutron orbitals, whose occupancies are similar for magne-
sium, silicon, and sulfur [39]. Indeed, the experimentally
deduced neutron occupancies agree well with the calculations,
as shown in Fig. 4, but data on protons are not available. The
πd5/2 orbital has the largest overlap with the νd3/2 orbital,
followed by the ν f7/2 and νp3/2. As the πd5/2 orbital fills,
the attractive monopole interaction between nucleons reduces
the energy of the different neutron orbitals dependent on the
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FIG. 5. Binding energies calculated using Woods-Saxon formal-
ism with fixed geometry (see text); bands include experimental
uncertainties for 31Si, to which the calculations have been fixed.
Symbols have the same meaning as Fig. 4.

size of this overlap. Additionally, the tensor component of the
neutron-proton interaction will be attractive for the νd3/2 and
repulsive for the ν f7/2 and νp3/2 orbitals. The overall effect
of these interactions results in the N = 20 shell closure at
stability. Removing these protons reduces the difference in
energy between the d3/2 and f p-shell neutrons and thus the
magnitude of the shell closure and changes in the ordering of
the f p orbitals. This is known as type-I shell evolution [40].
Beyond magnesium, the emergence of the N = 16 shell clo-
sure between the s1/2 and d3/2 orbitals is predicted to result in
changes to neutron occupancies, which then affects the energy
spacing between d3/2 and f7/2 neutrons in the opposite sense,
though more experimental data are needed to substantiate this
behavior.

Given the proximity to the neutron-separation threshold,
the effect of the finite geometry of the potential could play
a role. The influence of the geometry of a finite potential
well can cause low-ℓ orbitals to linger near threshold, where
the rate of change of eigenstate energies decreases as they
approach zero binding, as described in Ref. [41] for p or-
bitals. Figure 5 shows calculations using a Woods-Saxon
potential with fixed geometry for A = 31 (r = 1.2A1/3 fm,
rso = 1.1A1/3, a0 = 0.65 fm). The depth of the potential V0
is chosen to reproduce the binding energy for the d3/2 orbital.
The calculated trends for the excited levels were normalized to
the experimental values at 31Si. The relative changes in bind-
ing energy are generally well reproduced, with the exception
of the f7/2 centroid in 29Mg. The behavior of both p-orbital
centroids as they approach threshold is also reproduced, ac-
counting for a reduction in energy between the p1/2 and p3/2
orbitals. The effects of a finite geometry are not explicitly
accounted for in shell-model calculations. However, given the

L051301-5

PHYSICAL REVIEW C 104, L051301 (2021)
Letter

Evolution of single-particle structure near the N = 20 island of inversion

P. T. MacGregor,1 D. K. Sharp ,1,* S. J. Freeman,1 C. R. Hoffman,2 B. P. Kay,2 T. L. Tang,2 L. P. Gaffney,3,4 E. F. Baader,4

M. J. G. Borge,5 P. A. Butler,3 W. N. Catford,6 B. D. Cropper,1 G. de Angelis,7 J. Konki,4 Th. Kröll,8 M. Labiche,9

I. H. Lazarus,9 R. S. Lubna,10,11 I. Martel,3,12 D. G. McNeel,13 R. D. Page,3 O. Poleshchuk,14 R. Raabe,14 F. Recchia,15,16

and J. Yang14

1Department of Physics and Astronomy, University of Manchester, Manchester, M13 9PL, United Kingdom
2Physics Division, Argonne National Laboratory, Argonne, Illinois 60439, USA

3Oliver Lodge Laboratory, University of Liverpool, Liverpool L69 7ZE, United Kingdom
4CERN, CH-1211 Geneva 23, Switzerland

5Instituto de Estructura de la Materia, CSIC, E-28006 Madrid, Spain
6Department of Physics, University of Surrey, Guildford GU2 5XH, United Kingdom

7INFN, Laboratori Nazionali di Legnaro, 35020 Legnaro, Italy
8Institut für Kernphysik, Technische Universität Darmstadt, 64289 Darmstadt, Germany

9STFC Daresbury Laboratory, Daresbury, Warrington WA4 4AD, United Kingdom
10Department of Physics, Florida State University, Tallahassee, Florida 32306, USA

11TRIUMF, Vancouver, British Columbia V6T 2A3, Canada
12Universidad de Huelva, 21071 Huelva, Spain

13Department of Physics, University of Connecticut, Storrs, Connecticut 06269, USA
14KU Leuven, Instituut voor Kern- en Stralingsfysica, 3001 Leuven, Belgium

15Dipartimento di Fisica e Astronomia dell’ Universitá degli Studi di Padova, Padova 35131, Italy
16INFN Sezione di Padova, Padova 35131, Italy

(Received 5 May 2021; accepted 5 October 2021; published 8 November 2021)

The single-particle properties of 29Mg have been investigated via a measurement of the 28Mg(d,p) 29Mg
reaction, in inverse kinematics, using the ISOLDE Solenoidal Spectrometer. The negative-parity intruder states
from the f p shell have been identified and used to benchmark modern shell-model calculations. The systematic
data on the single-particle centroids along the N = 17 isotones show good agreement with shell-model pre-
dictions in describing the observed trends from stability toward 25O. However, there is also evidence that the
effect of the finite geometry of the nuclear potential is playing a role on the behavior of the p orbitals near the
particle-emission threshold.

DOI: 10.1103/PhysRevC.104.L051301

Neutron-rich magnesium isotopes (Z = 12) exist in a
rapidly evolving region in terms of nuclear structure. Mag-
nesium exhibits the most abrupt transition into the N = 20
island of inversion, first identified by anomalous ground-
state binding energies [1,2]. Intruder configurations, involving
excitations across the N = 20 gap, fall in excitation en-
ergy as N increases, leaving 30Mg lying outside and 31Mg
inside the region of inversion [3,4]. A weaker shell gap
enhances the contribution of intruder configurations until,
inside the island, they become the dominant component of
the ground state. The N = 20 shell gap also disappears
along N = 16 as protons are removed; the separation of
the νd3/2 orbital and the ν f p shell reduces and a new

*Corresponding author: david.sharp@manchester.ac.uk

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

shell gap opens at N = 16, leading to a new doubly magic
system, 24O [5].

Here we present a study of 29Mg probed in a measurement
of the single-neutron-adding 28Mg(d,p) 29Mg reaction with a
radioactive beam in inverse kinematics. The results reveal the
changes in the single-neutron centroids outside N = 16, when
moving from stability toward the neutron drip line at 25O. The
structure of 29Mg, on the border of the island of inversion,
provides useful information on single-particle evolution, in
particular, the nature of negative-parity intruder states that
are important in driving shape transitions in the island of
inversion.

Shell-model calculations in this region have often required
ad hoc changes to reproduce data. For example, single-particle
energies in the WBP interaction [6] needed to be shifted by
1.8 and 0.5 MeV for ν f7/2 and νp3/2 orbitals, respectively,
to better match data in 34P19 [7]. Similarly, in 30Al17, WBP
energies had to be shifted by ≈ 1 MeV to properly describe
negative-parity states [8]. Neither the SDPF-M [9] nor WBP
interactions could reproduce the energies of the negative-
parity states in 27Ne17 [10]. The present measurement

2469-9985/2021/104(5)/L051301(7) L051301-1 Published by the American Physical Society
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3

FIG. 2. The excitation energy spectrum for states in 33Si
populated via the 32Si(d, p) reaction. The excitation energies
(in MeV) of states identified in 33Si are labeled together with
their spin-parities.

FIG. 3. Di↵erential cross sections deduced from the
32Si(d, p)33Si reaction for the low-lying states of 33Si. DWBA
calculations are plotted as solid red lines with the `-values
labeled for the known states (a-d). For the newly observed
states (e-h), the ` = 1 (red solid lines), ` = 2 (black dashed
lines) and ` = 3 (black dot-dashed lines) are plotted in com-
parison to the experimental data. The adopted `-values are
labeled for each state.

TABLE I. Excitation energies Ex, transferred orbital angular
momentum `, spin-parities J⇡, shell-model orbital n`s and
normalized spectroscopic factors S for the low-lying states in
33Si observed in the 32Si (d, p)33Si reaction.

Ex (MeV) ` J⇡ n`s S

g. s. 2 3/2+ 0d3/2 0.37(4)
1.01 0 1/2+ 1s1/2 0.25(5)
1.435 3 7/2� 0f7/2 0.89(5)
1.981 1 3/2� 1p3/2 0.92(6)
3.19(2) (3) (7/2�) (0f7/2) 0.07(2)
3.58(2) 1 1/2� 1p1/2 0.91(7)
4.52(4) (1) (3/2�/1/2�) (1p1/2,3/2) 0.08(2)

(2) (3/2+/5/2+) (0d5/2,3/2) 0.10(3)
5.43(4) (3) (7/2�/5/2�) (0f7/2,5/2) 0.10(3)

good agreement is found between the experimentally de-
termined angular distributions and those calculated us-
ing the DWBA, confirming previous ` assignments. The
newly observed 3.58(2)-MeV state has a distinctive ` = 1
shape, which may be associated with a neutron trans-
fer into the 1p1/2 or 1p3/2 orbitals as discussed below.
A tentative assignment of ` = 3, and an assumption of
a 0f7/2 orbital, is made for the smaller peak at 3.19(2)
MeV. For the unbound states, the present DWBA cal-
culation assumes a small binding energy of 200 keV for
the transferred neutron. The 4.52(4)-MeV resonance lo-
cated just above the neutron emission threshold shows
an angular distribution that is indistinguishable between
` = 1 and 2. Also, the expected intrinsic width of this
unbound state for either ` = 1 or 2 is much smaller than
its fitted width � = 220(80) keV, suggesting that there
may be more than one resonance at around 4.52 MeV.
The other resonance at 5.43(4) MeV has an experimental
width of � < 90 keV and is tentatively assigned ` = 3.

Since there should be very little mixing from the 1p0f -
shell orbitals in the g.s. of 32Si, the relative spectro-
scopic factors were normalized assuming that the g.s.
and the 1.01-MeV state exhaust the ` = 2 and ` = 0
strengths, respectively, and that their summed strengthP

(2j + 1)C2S = 2.0. The same normalization factor
was then also applied to the ` = 1 and 3 states yield-
ing the resulting normalized spectroscopic factors listed
in Table I. The uncertainty of the relative spectroscopic
factors is less than 10% resulting from the variation of
the OMPs. Other systematics uncertainties have been
explored, and have no significant impact on the rela-
tive values []. The relative spectroscopic factors of the
1.435-MeV (3/2�), 1.981-MeV (7/2�), and the newly ob-
served 3.58-MeV state are close to 1.0, which is commen-
surate with the expected full single-particle strength of
the nominally empty neutron 1p and 0f7/2 orbitals. This
sum rule analysis strongly supports a 1/2� assignment
to the 3.58(2)-MeV state since it almost exhausts the
full 1p1/2-orbital single-particle strength. Furthermore,
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Introduction
Moving toward an understanding of nuclei at the thresh-

old of nuclear binding is a major theme of contemporary 
experimental and theoretical nuclear physics. The challenge 
to the former is to probe nuclei at the limits of existence 
requiring a variety of different techniques such as nucleon 
transfer, nucleon knockout, and Coulomb dissociation, and 
so on. And to the latter, a question of framing the problem: 
What role does finite binding play? What role does the con-
tinuum play? How can the action of these effects be isolated 
when interpreting the experimental data? Is it even possible 
to disentangle these?

The last few decades have seen an explosion in the 
amount of available data on such systems, from heavy 
neutron-deficient systems, to light nuclei-rich nuclei, pav-

ing the way for systematic studies. In this article we focus 
our attention on the neutron excitations in neutron-rich nu-
clei between helium and oxygen. It is within this relatively 
small range of protons, two to eight, that we see the de-
mise and creation of shell gaps [1], perhaps most notably 
remarked on by Talmi and Unna in 1960 with regards to 
the anomalous 1/2+ 11Be ground state [2], the existence of 
halos [3], and cluster structures [4]. It is clear that this re-
gion offers a fertile ground for nuclear-structure studies and 
why it has been capturing the attention of the field over half 
a century.

Figure 1 shows the landscape in which these nuclei re-
side as a function of proton and neutron number. The in-
set is a compilation of single-particle neutron 0p1/2, 1s1/2, 
and 0d5/2 excitations relative the neutron threshold for the 

2 3 4 5 6 7 8

–5

–4

–3

–2

–1

0

1

2

3

4

2 3 4 5 6 7 8 2 3 4 5 6 7 8

1/2+
5/2+

N  =  5   7   8   9   10   11   13

!Z Z
E n

 (M
eV

)
Z

1/2–

3He 4He 5He 6He 7He 8He 9He 10He

4Li 5Li 6Li 7Li 8Li 9Li 10Li 11Li 12Li

13Be 14Be6Be 7Be 8Be 9Be 10Be 11Be 12Be 15Be 16Be

13B 14B 17B7B 8B 9B 10B 11B 12B 15B 16B 18B 19B

13C 14C 17C 20C 21C9C 10C 11C 12C 15C 16C 18C 19C 22C

13N 14N 17N 20N 21N 23N 24N11N 12N 15N 16N 18N 19N 22N 25N

13O 14O 17O 20O 21O 23O 24O 26O 27O15O 16O 18O 19O 22O 25O 28O

Stable

Unstable

Unbound
s and d known
p, s, and d known

Figure 1. A portion of the Segre chart for isotopes between helium and oxygen highlighting the isotopes for which there 
is information available on the energies of the neutron 0p1/2 (1/2–), 1s1/2 (1/2+), and 0d5/2 (5/2+) orbitals. These data are 
shown in the plots relative the neutron threshold. The dashed lines are merely to guide the eye. The origins of the data are 
summarized in Ref [5].
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Weak binding: Into the unknown

nuclear-structure properties become important. Knowledge
of ground-state binding energies of nuclei withN ¼ 126þ n
is important in defining the waiting point caused by the
N ¼ 126 closure, the bottleneck which is responsible for
the third peak in solar system elemental abundances at nuclear
mass A ∼ 195 [18]. The binding energies are critical to how
the r process evolves. The energies of ground and excited
states have significant consequences for the rate atwhichdirect
s-wave and p-wave (and possibly d-wave) neutron-capture
ðn; γÞ reactions proceed [19–21]. This was discussed recently
in the context of the N ¼ 82 shell closure in Ref. [22].
As zero binding is approached, the energies of s orbitals

increase less rapidly than those of states with higher angular
momenta [23]. This behavior has been studied for light
nuclei [24,25] and, in the vicinity of N ¼ 126, it is likely to
play an important role in neutron-capture reactions. Direct
measurements of properties of nuclei in the r-process path
in this region will not be possible for many years, if not
decades. Experimentally, this region of the nuclear chart has
remained largely inaccessible. Fragmentation and isotope
separation online, which are the methods of choice at current
and next generation radioactive ion beam facilities, only
produce low-intensity beams of neutron-rich (N ≥ 126)
nuclei below 208Pb. Techniques that could produce these
nuclei with significant yields, such as multinucleon transfer,
look promising although technological developments are
necessary tomanipulate the reactionproducts for spectroscopy

]26,27 ]. New data on 207Hg mark a first step in the study of
these systems.

Only one transfer-reaction study has probed the Z < 82,
N > 126 region using a long-lived radioactive target of
210Pb [28], providing some limited information on proton-
hole states in 209Tl. Beyond the simple existence of some
nuclei, derived from decay studies, only limited knowl-
edge of a few excitations in 208−210Tl (neighboring Pb
isotopes) and 208;210Hg are known [4,29]. Most recently,
γ-ray transitions have been seen in 211;213Tl [30]. In no
instance is any direct knowledge of single-neutron struc-
ture known. All that has been previously established
about 207Hg, the next even-proton member of the N ¼
127 isotonic chain below Pb, is an estimate of its lifetime
(T1=2 ¼ 2.9 m), its mass [31,32], and that its ground state
decays via β decay.
In this work, we report the first study of single-neutron

excitations beyond N ¼ 126 for elements below Pb,
achieved using a transfer reaction in inverse kinematics
with a radioactive beam of 206Hg, accelerated to energies
above the Coulomb barrier for collisions with deuterium.
This study was made possible by new advances in
technology at the ISOLDE radioactive-beam facility at
CERN [33–35] and with the development of the ISOLDE
Solenoidal Spectrometer (ISS) [36] based on a technique
pioneered at Argonne National Laboratory (ANL). As
was demonstrated with HELIOS at ANL [37], factors of
2–3 improvements in Q-value resolution can be achieved
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in the study of these types of reactions using the
solenoidal-spectrometer technique [38,39].
In this study, about 6000 protons were identified from

the 206Hgðd;pÞ207Hg reaction. These result from the bom-
bardment of approximately 1.5 × 1011 206Hg ions with
deuterated polyethylene targets of nominal thickness
165 μg=cm2 at a rate of around 3 to 8 × 105 206Hg ions
per second and an energy of 1.52 GeV (7.38 MeV=u), the
highest energy available at the time.
The preparation of the radioactive Hg ions is described

elsewhere [40,41]. The Hg ions (46þ) were injected into the
REX/HIE-ISOLDE linear accelerator in bursts of width
∼800 μs, every 450 ms. The beam was contaminated with
130Xe at a level of < 2%. The level of the Xe impurity was
determined from background runs with the ion-source
lasers off. A measurement using a pure 130Xe beam, at
the same MeV/u as the Hg, was carried out to corroborate
this.
Thin deuterated polyethylene targets are susceptible to

damage even with relatively low (≪ 109 pps) intensity
beams. The damage is reasonably well characterized for
light and medium mass beams [42,43] but not for heavier
beams. In the experiment described here, the target was
replaced every 4 h, on average, resulting in the use of 20
targets in the 82-h duration. No evidence of target degra-
dation was observed via elastically scattered deuterons and
carbon ions in a monitor detector.
The ISS, in this first stage of its development, was set up

in a manner similar to that described in Ref. [43] using the
HELIOS detector system. A 2.5-T magnetic field was used.
The data acquisition was triggered by signals in the on-axis
Si array [37]. A signal from the REXEBIS was used to gate
the data acquisition system during the beam release,
disabling it during the charge-breeding process. This sup-
pressed spurious background, such as α decays present due
to nuclei produced in fusion-evaporation reactions.
The excitation-energy spectrum for 207Hg is shown in

Fig. 2 both with and without a background subtraction. The
background is predominately prompt protons from fusion-
evaporation reactions of the beam and 12C in the target. The
Q-value resolution was ∼140 keV FWHM. The spectrum
represents a sum of all detectors on the Si array which
corresponds to center-of-mass angles, 20°≲ θc:m: ≲ 40°.
From the data, seven states have been observed below

3 MeV, which are associated with adding a neutron in the
vacant 1g9=2, 2d5=2, 3s1=2, 2d3=2, and 1g7=2 orbitals beyond
N ¼ 126, as shown in Table I. The high-j 0i11=2l ¼ 6

strength, estimated to lie at around 0.8 MeV, is not seen; at
an incident beam energy of 7.38 MeV=u, (d,p) yields
corresponding to l ¼ 6 transfer are expected to be <10
counts (for a pure single-particle state) in total. The
negative parity 0j15=2 orbital is expected to lie around
1.2 MeV, but yields would be smaller still. The absolute
cross sections have uncertainties of around 30%. Only

relative cross sections were used in the analysis, which are
known to better than 5%.
Calculations used to extract spectroscopic factors and

predict angular distributions were performed using the
distorted-wave Born approximation (DWBA) with the
code PTOLEMY [45]. The bound-state form factors were
taken from Ref. [46] and optical-model potentials from
Refs. [47,48] were used. Normalized spectroscopic factors
are listed in Table I; the uncertainties are dominated by the
relative variation due to different choices in the optical-
model potentials.

TABLE I. Excitation energies, tentative l and Jπ assignments,
and normalized spectroscopic factors S for states assigned to
207Hg. The normalization is such that the 3s1=2 strength is equal to
unity.

E (keV) l Jπ nls S

0 4 9=2þ 1g9=2 0.82(13)
1195(20) (2) (5=2þ) (2d5=2)

a 0.47(9)
1600(45) (2) (5=2þ) (2d5=2)

a 0.13(2)
1810(20) (2) (5=2þ) (2d5=2)

a 0.42(7)
1960(30) (0) (1=2þ) (3s1=2) ≡1.00
2335(20) (2) (3=2þ) (2d3=2) 1.00(17)
2530(20) (4) (7=2þ) (1g7=2) 0.62(12)
aThe centroid of the 2d5=2 strength lies at 1500(50) keV, withP

C2S ¼ 1.02ð17Þ.
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FIG. 2. (a) The low-lying excitation-energy spectrum of 207Hg
as measured via the (d,p) reaction on 206Hg at 7.38 MeV=u.
States are labeled by their energies in keV and l value. (b) Same
spectrum with a linear background subtracted and with fits
shown [44].
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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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The nuclei below lead but with more than 126 neutrons are crucial to an understanding of the
astrophysical r process in producing nuclei heavier than A ∼ 190. Despite their importance, the structure
and properties of these nuclei remain experimentally untested as they are difficult to produce in nuclear
reactions with stable beams. In a first exploration of the shell structure of this region, neutron excitations in
207Hg have been probed using the neutron-adding (d,p) reaction in inverse kinematics. The radioactive
beam of 206Hg was delivered to the new ISOLDE Solenoidal Spectrometer at an energy above the Coulomb
barrier. The spectroscopy of 207Hg marks a first step in improving our understanding of the relevant
structural properties of nuclei involved in a key part of the path of the r process.

DOI: 10.1103/PhysRevLett.124.062502

The nucleus 207Hg lies in the almost completely unex-
plored region of the nuclear chart below proton number 82
and just above neutron number 126, both “magic” numbers
representing closed shells in the nuclear shell model [1].
The doubly magic nucleus 208Pb is the cornerstone of this
region, a benchmark nucleus in our understanding of the
single-particle foundation of nuclear structure. This region,
highlighted on the nuclear chart in Fig. 1, is unique in that
its single-particle structure remains unexplored.

The nucleosynthesis of heavy elements via the rapid
neutron-capture (r-) process path [6] crosses this region, as
shown in Fig. 1. The robustness of the N ¼ 126 neutron
shell closure plays a crucial role in the nucleosynthesis of
the actinides [7–11]. The recent observation of a neutron
star merger has provided a new focus of interest [12,13],
suggesting a possible astrophysical environment for r-
process nucleosynthesis [14–17].
Approaching the r-process path along the N ¼ 126

isotonic chain from Pb, the binding energies (the degree
to which neutrons are bound by the mean-field potential
created by the decreasing number of all other nucleons)
decrease, eventually crossing zero binding and becoming
unbound. Near closed shells, the level density is low, so the
usual statistical assumptions of many resonances parti-
cipating in neutron capture are not valid, and specific

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.
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Single-particle overlaps and one-nucleon transfer
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Single-particle overlaps extracted from one-nucleon-transfer yields are reviewed. Em-
phasis is placed on the experimental aspects of nucleon transfer and the reliability of the
extracted spectroscopic factors using the framework of the distorted-wave Born Approx-
imation. While spectroscopic factors are not observable properties of nuclear structure,
these quantities, closely related to the cross sections measured in nucleon transfer reac-
tions, have and continue to provide essential insights into the structure of the atomic
nucleus. Using historic and recent examples, we assess the degree to which these quan-
tities are reliable and how best these could be exploited with the advent of precise
radioactive ion beam facilities at the appropriate energies.
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I. INTRODUCTION

The structure of nuclei is defined by the pro perties of
their excited states. Other than the energies, quantum
numbers. and moments of these states, the properties
accessible to measurement are those describing transi-
tions between states. Perhaps the simplest of such tran-
sitions is the addition or the removal of a nucleon. We
note that electromagnetic transitions, for which there is a
large body of data, depend on the overlap between states
in the same nucleus through the operator for radiative
transitions and thus emphasize features that depend of
nucleons moving in phase with each other, the collective
behavior in a transition within a given nucleus; transfer
probes single-particle properties and of necessity depends
on transitions between states in di↵erent, adjacent nuclei,
through the operator representing the creation or anni-
hilation of a nucleon.
Essentially the same experimental information as the

latter processes is contained in the widths of unbound res-
onances for nucleon emission, though the simplest, low-
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FIG. 1. The normalized summed strength, defined in the text, for Nilsson orbitals as determined from (d, p) (lighter shade) and (d, t)
(darker shade) reaction data from NBI on isotopes of Gd [12], Dy [13], Er [14], Yb [15], and W [16]. The blue bars (left) are for the jπ = 1/2−

member of the 1/2−[521] band, and the orange bars (right) are for the jπ = 7/2− member of 5/2−[512] band. The gray band is the rms spread.

using the tandem facility at Munich. The (d, p), (d, t), and
(p, d) reactions were carried out on targets of 170Er and 174Yb.
The (d, p) and (d, t) reactions were carried out at the same
energy of 12 MeV as the NBI measurements and the (p, d)
reaction at 18 MeV. As noted above, DWBA cross sections
for the (d, t) reaction are more sensitive to choices of bound-
state and optical-model potentials than the (p, d) reaction,
so measurements with the latter reaction might reveal some
further insights into the reaction mechanism and analyses. The
(d, p) and (p, d) reactions were carried out at energies ideal
for ℓ = 1 and 3 transfer, a few MeV/u above the Coulomb
barrier in the entrance and exit channels [2,3], where cross
sections are larger and the angular distributions more forward
peaked and distinctive. This is in contrast to the (d, t) reaction
where the tritons are closer to the barrier in the exit channel.

The data were taken and cross sections deduced in the same
manner as those described in detail in Ref. [33]. Beams of 12-
MeV deuterons and 18-MeV protons were delivered from the
MP tandem accelerator at the Maier-Leibnitz Laboratorium

92 96 100 104 10892 96 100 104 108
0

0.2

0.4

0.6

0.8

1
Gd

Dy

Er

Yb

W

 jπ = 7/2–, 5/2–[512] jπ = 1/2–, 1/2–[521]

 N

O
cc

up
an

cy

FIG. 2. The occupancy, derived from the average of the adding
and removing strength as determined from the NBI data [12–16], as
a function of neutron number, N .

(MLL) to the Q3D spectrometer [34], which was used to
momentum analyze the reaction products.

The product of the target thickness and spectrometer
aperture were determined from elastic-scattering yields of
12-MeV deuterons at θlab = 20◦. Under these conditions, the
cross section is estimated to be within 1% of the Rutherford
scattering cross section. The 170Er and 174Yb targets, isotopi-
cally enriched to 96.1% and 95.8% and supported on carbon
backings of nominal thickness 20 µg/cm2, were determined
to have a thickness of 44(2) and 50(3) µg/cm2, respectively.

Yields from the (d, p) and (d, t) reactions were also mea-
sured at 12 MeV to follow the previous NBI studies. For the
(d, p) measurements, the cross sections were determined at
angles of θlab = 60◦ and 90◦, again used in the NBI studies,
and an additional angle of 40◦. Similarly, with the (d, t) mea-
surements, data were collected at angles of θlab = 60◦ and 90◦,
as well as θlab = 30◦ for 170Er. The additional angles were
added to guide choices in the optical-model parametrizations
used in the analysis. The (p, d) reaction has more distinctive
forward-peaked angular distributions and the (d, p) and (d, t)
reactions. The (p, d) reaction yields were measured at θlab =
17◦ and 38◦, which were estimated to be the peak angles for
ℓ = 1 and 3 transfer cross sections. For the 174Yb(p, d) reac-
tion, only θlab = 17◦ data were analyzed due to an incorrect
field setting at θlab = 38◦.

Example spectra are shown in Fig. 3 for each reaction.
The spectra were calibrated by using well-known states in the
literature and the bands of interest are labeled, emphasizing
the distinctive fingerprints of their energies and strengths.
Due to the dispersion of the Q3D spectrometer, only a small
range of excitation energy is probed in one magnet setting.
The Q-value resolution achieved was ≈10 keV FWHM across
the different reactions. The broad background features seen
in the (d, p) reaction spectra are from the carbon backings
and were also seen in the original NBI data, however, due to
the dispersion of the Munich Q3D spectrograph, these appear

024319-4
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FIG. 1. The filling of neutrons in the 0g7/2, 1d5/2, 2s1/2, 1d3/2,
and 0h11/2 orbitals across the stable, even-A tin isotopes as derived
from this work. The horizontal bars are the nominal number of
neutrons above N = 50 for each isotope. The missing 0g7/2 strength
(hatched) and the uncertainties are discussed in the text.

matching conditions are shown in Fig. 2 for reactions on
116Sn, as studied in the current work. When carried out at
energies a few MeV above the Coulomb barrier for the in-
coming and outgoing ions, the reaction cross sections are
large, forward peaked, and can be reliably analyzed using the
distorted-wave Born approximation (DWBA) [23,24].

II. EXPERIMENTAL METHODS

The measurements presented in this paper were made at
two different tandem accelerator facilities. The (p,d) and

TABLE I. Summary of the reactions and energies used on the
even tin isotopes with 112 ! A ! 124.

Reactions Lab Ebeam (MeV) θlab(◦)

(d,p) MLL 15 6, 18, 30, 40
(α,3He) IPN 41 10.9
(p,d) MLL 21 6, 18, 30, 40
(3He,α) IPN 36 5.9a

aFor 120,122Sn, additional angles of θlab = 10.9◦, 15.9◦, and 20.9◦

were measured.

(d,p) reactions were measured at the Maier Leibnitz Labora-
torium (MLL), taking advantage of the outstanding Q-value
resolution of the Munich Q3D spectrometer. The (3He,α)
and (α,3He) reactions were carried out at the Tandem-Alto
facility at the Laboratoire de Physique des 2 Infinis Irène
Joliot-Curie (IJClab), where the tandem is capable of higher
terminal voltages; necessary because of the large negative
Q values of the neutron-adding reaction. Table I is a sum-
mary of the reactions, targets, and angles, studied at each
facility. Isotopically enriched targets of 112Sn (98.93%), 114Sn
(71.10%), 116Sn (97.80%), 118Sn (98.60%), 120Sn (99.70%),
122Sn (96.00%), and 124Sn (97.40%) with a nominal thickness
of ≈100 µg/cm2 were used. The targets were evaporated onto
a carbon backing of ≈20 µg/cm2.

The instrumentation and methodology used for the MLL
measurement was the same as that described in Ref. [25].
Similarly, Ref. [26] gives an overview of the approach taken
at IJClab.

At MLL, the beams used were deuterons at 15 MeV and
protons at 21 MeV at currents of 500–1000 nA. The outgoing
ions from the reactions were momentum analyzed using the
Q3D magnetic spectrograph [27]. The entrance aperture of

FIG. 2. The 116Sn(d,p) 117Sn and 116Sn(α,3He) 117Sn reactions at 15 MeV (θlab = 18◦) and 41 MeV (θlab = 10.9◦), respectively, are shown
in (a). Selected states are labeled by the transferred angular momentum ℓ to highlight the different matching conditions. (b) is the same (d,p)-
reaction data but with a logarithmic y axis to emphasize the details of the spectrum. Similarly, the 116Sn(p,d ) 115Sn and 116Sn(3He,α) 115Sn
reactions at 21 MeV (θlab = 18◦) and 36 MeV (θlab = 5.9◦), respectively, in (c) and (d). The broad peak around 2.3 MeV in (a) and (b) is from
reactions on the carbon target backing.
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FIG. 7. A comparison of the fractional occupancies determined
in this work compared with shell-model calculations from Ref. [45],
for which information is available for the 1d5/2, 0g7/2, and 0h11/2

orbitals for 102 ! A ! 132, and for the 2s1/2 and 1d3/2, 112 ! A !
124 only.

IV. SINGLE-PARTICLE ENERGIES

The effective single-particle energies, ϵ j , can be deter-
mined from the centroids of single-particle strength for the
adding and removing reactions, that are derived as described
in Eq. (3). The effective single-particle energy was formally
defined by Baranger [46], and is equivalent in definition to the
monopole formulation discussed in the recent review article
of Otsuka et al. [47], which has been used extensively in
describing the evolution of effective single-particle energies
with neutron excess.

The effective single-particle energies, ϵ j , are defined as
the combination of the centroids of single-particle strength,
E±, [Eq. (3)], and on an absolute scale with respect to zero
binding, as

ϵ j =
E ′+

j G+
j + E ′−

j G−
j

G+
j + G−

j
, (4)

where G± are the normalized summed strengths of Table II
and

E ′+
j = −B(A + 1) + E+

j (5)

with B being the binding energy of the target plus a neutron
system in the adding reaction and E+ the centroid of Eq. (3).
Similarly,

E ′−
j = −B(A) − E−

j . (6)

Figure 8 shows the effective single-neutron energies as
determined using Eq. (4) for 0g7/2, 1d5/2, 2s1/2, 1d3/2, and
0h11/2 orbitals. Numerical values are given in Table IV. The
binding energy of all of these orbitals deceases slowly across
the tin isotopes, each at essentially the same rate of around
50–100 keV per additional neutron. By contrast, the proton
orbitals’ binding energies change by ≈350-400 keV per ad-
ditional neutron over the same range [39] as shown in Fig. 9.
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FIG. 8. The effective single-particle energies for neutron orbitals
across the stable, even-A tin isotopes.

The contrast is striking—the neutron single-particle states be-
come less bound slowly, while the proton single particle states
become much more bound with increasing neutron number.
This pattern is being studied more broadly [48].

Another striking feature is the near degeneracy of the 2s1/2,
1d3/2, and 0h11/2 orbitals, which fill in parallel across the
isotopic chain, and similarly that of the other two orbitals
1d5/2 and 0g7/2, that are already mostly filled across the same
region. The two degenerate groupings are well separated by
around 2 MeV, similar in magnitude to the pairing gap. This
suggests strong correlations within each of the two sets of de-
generate orbitals, and some, considerably weaker, correlation
between the two.

The uncertainties on the effective single-particle energies
reflect those in the summed strength from adding and re-
moving reactions, and the same considerations with regards
to reaction modeling, unassigned and misassigned strength.
We note that the magnitude of the normalization factor, Nj ,

TABLE IV. Effective single-particle energies in MeV. Uncertain-
ties are discussed in the text.

2s1/2 1d3/2 1d3/2 0g7/2 0h11/2

112Sn −7.9(3) −7.8(2) −10.0(2) −10.0(2) −7.62(15)
114Sn −8.2(3) −7.7(2) −9.8(2) −9.4(2) −7.56(15)
116Sn −8.0(3) −7.5(2) −9.9(2) −9.4(2) −7.67(15)
118Sn −7.7(3) −7.2(2) −9.5(2) −9.7 +0.4

−0.6 −7.55(15)
120Sn −7.8(3) −7.2(2) −9.3(2) −9.4 +0.4

−0.6 −7.52(15)
122Sn −7.5(3) −7.1(2) −9.2(2) −9.2 +0.4

−0.8 −7.49(15)
124Sn −7.6(3) −7.1(2) −9.1(2) −9.4 +0.4

−0.8 −7.41(15)
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FIG. 9. The effective single-particle energies for neutron orbitals
across the stable, even-A tin isotopes contrasted with those of protons
for the 0g7/2 and 0h11/2 orbitals, which are well determined from the
(α, t) reaction [39].

has no impact on the single-particle energy. Only changes in
the centroids and thus the distribution of strength in adding
and removing have an effect. For the 2s1/2 and 1d orbitals,
variations in either the summed adding or removing strength
by 10%, or both, which is commensurate with the rms spread
of the total strength, and possible unobserved strength, result
in a estimated uncertainty in the effective single-particle ener-
gies by around ±300 keV for the 2s1/2 orbital and ±200 keV
for the 1d orbitals. The rms spread in the summed 0h11/2
strengths is smaller, around 5%, resulting in an estimated
±150 keV variation in the single-particle energy. As discussed
above, there is robust evidence of unobserved 0g7/2 strength,
dominantly in the neutron-removal reaction, which results
in asymmetric uncertainties in the single-particle energies,
where the orbital is likely more bound due to this unobserved
strength. For 118,120Sn, this results in effective single-particle
energies of +400 < "ϵ0g7/2 < −600 keV and for 122,124Sn,
+400 < "ϵ0g7/2 < −800 keV. We note that the adjustment
to the 0g7/2 fractional occupancy was not used in the deter-
mination of the effective single-particle energies, and this is
reflected in the uncertainties.

V. ANALYSIS OF RESULTS IN THE BCS FRAMEWORK

The simple pairing approximation, based on the BCS con-
cept [49,50], can relate the occupation numbers, U 2 and
V 2 (emptiness and fullness, such that U 2 + V 2 = 1) to the
effective single-particle energies, the Fermi energy λ, and
the pairing gap ". In the early transfer reaction studies on
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FIG. 10. The distribution of the effective single-neutron ener-
gies about the Fermi surface for 112−124Sn (a)–(g) as a function of
fractional occupancy, V 2. The solid curves are the BCS occupation
probabilities calculated with parameters of λ varying smoothly from
−9.4 MeV to −7.3 MeV across the range and " = 1.2 MeV, as
defined in the text, aside from the dashed lines (d-g) which are for
" = 2 MeV.

the Sn isotopes by the Pittsburg group [2,3], the occupation
numbers extracted from those works were compared to pair-
ing theory, though discrepancies (sometimes by as much as
an MeV) were noted when comparing data to the centroids
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FIG. 7. A comparison of the fractional occupancies determined
in this work compared with shell-model calculations from Ref. [45],
for which information is available for the 1d5/2, 0g7/2, and 0h11/2

orbitals for 102 ! A ! 132, and for the 2s1/2 and 1d3/2, 112 ! A !
124 only.

IV. SINGLE-PARTICLE ENERGIES

The effective single-particle energies, ϵ j , can be deter-
mined from the centroids of single-particle strength for the
adding and removing reactions, that are derived as described
in Eq. (3). The effective single-particle energy was formally
defined by Baranger [46], and is equivalent in definition to the
monopole formulation discussed in the recent review article
of Otsuka et al. [47], which has been used extensively in
describing the evolution of effective single-particle energies
with neutron excess.

The effective single-particle energies, ϵ j , are defined as
the combination of the centroids of single-particle strength,
E±, [Eq. (3)], and on an absolute scale with respect to zero
binding, as

ϵ j =
E ′+

j G+
j + E ′−

j G−
j

G+
j + G−

j
, (4)

where G± are the normalized summed strengths of Table II
and

E ′+
j = −B(A + 1) + E+

j (5)

with B being the binding energy of the target plus a neutron
system in the adding reaction and E+ the centroid of Eq. (3).
Similarly,

E ′−
j = −B(A) − E−

j . (6)

Figure 8 shows the effective single-neutron energies as
determined using Eq. (4) for 0g7/2, 1d5/2, 2s1/2, 1d3/2, and
0h11/2 orbitals. Numerical values are given in Table IV. The
binding energy of all of these orbitals deceases slowly across
the tin isotopes, each at essentially the same rate of around
50–100 keV per additional neutron. By contrast, the proton
orbitals’ binding energies change by ≈350-400 keV per ad-
ditional neutron over the same range [39] as shown in Fig. 9.

112 114 116 118 120 122 124
A

Ef
fe

ct
iv

e s
in

gl
e-

pa
rti

cl
e e

ne
rg

y 
(M

eV
)

2s1/2
1d3/2
1d5/2
0h11/2
0g7/2

FIG. 8. The effective single-particle energies for neutron orbitals
across the stable, even-A tin isotopes.

The contrast is striking—the neutron single-particle states be-
come less bound slowly, while the proton single particle states
become much more bound with increasing neutron number.
This pattern is being studied more broadly [48].

Another striking feature is the near degeneracy of the 2s1/2,
1d3/2, and 0h11/2 orbitals, which fill in parallel across the
isotopic chain, and similarly that of the other two orbitals
1d5/2 and 0g7/2, that are already mostly filled across the same
region. The two degenerate groupings are well separated by
around 2 MeV, similar in magnitude to the pairing gap. This
suggests strong correlations within each of the two sets of de-
generate orbitals, and some, considerably weaker, correlation
between the two.

The uncertainties on the effective single-particle energies
reflect those in the summed strength from adding and re-
moving reactions, and the same considerations with regards
to reaction modeling, unassigned and misassigned strength.
We note that the magnitude of the normalization factor, Nj ,

TABLE IV. Effective single-particle energies in MeV. Uncertain-
ties are discussed in the text.

2s1/2 1d3/2 1d3/2 0g7/2 0h11/2

112Sn −7.9(3) −7.8(2) −10.0(2) −10.0(2) −7.62(15)
114Sn −8.2(3) −7.7(2) −9.8(2) −9.4(2) −7.56(15)
116Sn −8.0(3) −7.5(2) −9.9(2) −9.4(2) −7.67(15)
118Sn −7.7(3) −7.2(2) −9.5(2) −9.7 +0.4

−0.6 −7.55(15)
120Sn −7.8(3) −7.2(2) −9.3(2) −9.4 +0.4

−0.6 −7.52(15)
122Sn −7.5(3) −7.1(2) −9.2(2) −9.2 +0.4

−0.8 −7.49(15)
124Sn −7.6(3) −7.1(2) −9.1(2) −9.4 +0.4

−0.8 −7.41(15)
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The occupancies and vacancies of the valence neutron orbitals across the stable tin isotopic chain from 112 !
A ! 124 have been determined. These were inferred from the cross sections of neutron-adding and -removing
reactions. In each case, the reactions were chosen to have good angular-momentum matching for transfer to
the low- and high-ℓ orbitals present in this valence space. These new data are compared to older systematic
studies. The effective single-neutron energies are determined by combining information from energy centroids
determined from the adding and removing reactions. Two of the five orbitals are nearly degenerate, below N =
64, and approximately 2 MeV more bound than the other three, which are also degenerate.

DOI: 10.1103/PhysRevC.104.054308

I. INTRODUCTION

Knowledge of nuclear-structure properties of closed-shell
nuclei and how they evolve with (N − Z) is essential to our
understanding of the atomic nucleus [1]. The exploration of
how neutrons fill the 0g7/2, 1d5/2, 2s1/2, 1d3/2, and 0h11/2
orbitals along the tin isotopic chain from 112 ! A ! 124, the
longest chain of closed-shell, stable, even-A isotopes, is the
objective of this investigation. Such a systematic study was
first attempted in the pioneering work of Cohen and Price
[2], who used the neutron-adding (d,p) and -removing (d,t)
reactions on the stable, even-A tin isotopes to determine the
location of single-particle energies and the degree to which
the orbitals were occupied.

Further systematic studies followed as reaction theory and
experimental techniques developed, most notably those of
Refs. [3–5]. There have been a number of studies on subsets of
the stable tin isotopes using a wide variety of neutron-adding
and -removing reactions over a broad range of beams energies,
for example, Refs. [6–22] among others. Nucleon occupancies
derived from the systematic studies are discrepant, often at

*Present address: University of Newcastle, University Drive,
Callaghan 2308, NSW, Australia.

†david.sharp@manchester.ac.uk
‡kay@anl.gov
§Present address: University of the Witwatersrand, South Africa
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∥Present address: Massachusetts Institute of Technology, Cam-
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the level of 20–40 %, and thus estimates of single-particle
energies are uncertain by many hundreds of keV. The goal of
this work is to better constrain these properties.

Figure 1 shows the filling of the neutron orbitals derived
from the present study. A combination of different reactions
were used to probe the single-neutron adding and removing
strength. The result is a consistent description of filling of
these orbitals to a level of uncertainty of a few tenths of a
nucleon.

This study follows recent work [23] on the stable, even-A
nickel isotopes which shows that the occupancies and how
they change can be determined quantitatively, with well-
defined uncertainties, by paying particular attention to the
choice of reactions, the experimental approach, and consistent
analyses. Key to those studies was choosing reactions with
good kinematic-matching conditions for transfer to orbits of
different angular momenta, which is of particular importance
in regions where both high- and low- j orbitals are present,
such as in the tin region.

To better determine the neutron occupancies, and thus
single-neutron energies across the tin isotopes, new measure-
ments of the (p,d), (d,p), (3He,α), (α,3He) reactions have
been carried out. The magnitude of the Q value for the (p,d)
and (d,p) reactions are modestly low, around 3–8 MeV. The
change in momentum between the incoming and outgoing
ions for these reactions is well matched for transfer to final
states reached by low-ℓ, such as 1d5/2, and 2s1/2, 1d3/2, to
within a unit or two of h̄. In contrast, the magnitude of the Q
values for the (3He,α) and (α,3He) reactions are large, about
10–14 MeV, and well matched for ℓ = 4 and 5 transfer to
the 0g7/2 and 0h11/2 orbitals. The striking impact of these

2469-9985/2021/104(5)/054308(10) 054308-1 ©2021 American Physical Society
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FIG. 1. Effective energies (Eπ ,ν
j ) plotted in terms of absolute

binding energies on the target as a function of the changing number
of protons or neutrons. The points corresponding to one state are
connected by lines. Each segment is labeled as to the configuration of
the state studied. Data from purely hole states are open circles, others
are filled symbols. In (a), the changing nucleons are of the other
kind to the state tracked (np interaction) and in (b), the changing
nucleons are the same kind as in the state studied (the interaction is
T = 1) segments where only the occupancy of the state in question is
changing are shown in green; those where occupancies are changing
in several orbitals for the segment are in red. For the data in panel
(b) an approximate Coulomb correction is applied to the proton
states.

As an example, the first segment on the left of the upper
panel of Fig. 1, the hollow points correspond to the energies
of the 0d3/2 neutron-hole excitations in N = 20 nuclei, in 34Si,
36S, 38Ar, 40Ca, 42Ti, and 44Cr. There are reaction data avail-
able for all but the last two points, where assumptions were
made, and the isobaric analog state has to be considered in
37Ar. Some of such details are discussed in the Supplemental
Material [21].

In the simple cases, where there is a single neutron or
proton (or hole) on a closed shell of the same type of nucleon,
and the other type of nucleon is varied, the nucleon-adding or
removing strength is often concentrated in one state. Where
details of nuclear structure may be more complicated, and
the s.p. degree of freedom is fragmented, the spectroscopic-
factor weighted centroid energies are taken [26]. Hole states
are treated on the same basis as particle states. The energies

are with respect to zero binding of the nucleon or hole, thus
always negative.

These segments in Fig. 1(a) are approximately parallel and
moving downward, becoming more bound, with added nucle-
ons. The horizontal scale is logarithmic. Where measured, the
segments for particle and hole states are almost contiguous.
Some of the minor variations in slope are caused by the
specific j dependence of the tensor force, that was investigated
extensively in connection with changing shell structure [5].

Figure 1(b) shows the data, where the same species of
nucleons are varied as the states tracked; the values for Eπ ,ν

j
are derived by combining the energies of particle and hole
excitations, taken as the energy centroids of the nucleon-
adding and -removing strengths as defined by Baranger [27]:
Eπ ,ν

j = E+
j G+

j + E−
j G−

j . Here E±
j are the centroid energies

for adding or removing a nucleon, and G± are the summed
strengths, with G+

j + G−
j = 1.0.

The Baranger expression for combining particle and hole
energies is needed when the nucleons varying are of the same
species as that of the state studied, and their occupancy is
changing, but it is trivially correct even for pure particle or
pure hole states. When the occupancy is changing within the
string studied, it may be changing either along with those
for other orbitals, as in the strings of Ni or Sn isotopes for
neutron states when N is changing, or only the occupancy of
that orbital, as for ν0 f7/2 in the Ca isotopes.

The slopes of all these segments in Fig. 1(b) are much less
steep than those in Fig. 1(a), and are shown in different colors,
depending on whether only nucleons in the same orbit as the
state followed are changing, or the occupancies of several are
changing. They are clearly different.

In some cases given in Fig. 1, no transfer reaction data are
available, and so simple approximations are made, such as that
the final state in question is a single-particle state (sometimes
supported by log f t values or systematics in neighboring nu-
clei. Errors bars are modified accordingly (and it is noted in
Ref. [21].)

There are some concerns as to whether the derived en-
ergies are true “observables,” particularly when the strength
is fragmented, and because of the uncertainties in reaction
theory [28,29]. Detailed past works in a few cases [30,31]
suggest that the uncertainties from fragmentation are mostly
smaller than the change between adjacent points in the
segments in Fig. 1. The use of reaction models in deter-
mining centroids of single-particle strength also introduces
some uncertainties, but these are generally small compared
to other contributions to the error bars. We note that for a
segment for a given j, in Fig. 1, the Q-value dependence
of the calculated cross section (typically done in a distorted
wave Born approximation framework) is small, and mostly
the spectroscopic-factor weighted energies (centroids) are the
same within the error bars, as the cross-section-weighted en-
ergies.

The slopes of all these segments in Fig. 1(b) are much
less steep, by about a factor of four, than those in Fig. 1(a).
Here, different colors are used, depending on whether only
nucleons in the same orbit as the state tracked are changing,
as for ν0 f7/2 in the Ca isotopes, or the occupancies of several
orbits are changing as in Ni or Sn isotopes. The slopes for
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TABLE I. The logarithmic derivative of the Eπ ,ν
j with respect to

nucleon number.

Slope dEπ ,ν
j /d (lnN ) (MeV)

Average (np) −21.3 (3.7)
Average (T = 1), one orbit −4.1 (1.3)
Average (T = 1), several orbits +4.6 (1.5)

these two categories are distinctly different. The mean values
of the slopes and their rms spread are listed in Table I.

Because the segments shown in Fig. 1(b) involve one type
of nucleon, only the T = 1 interaction can play a role in the
data. An approximate correction to remove Coulomb effects
[21] was applied to the cases where Z is changing for proton
states to allow a meaningful comparison between neutron and
proton data, but higher-order Coulomb effects (e.g., changing
radius because of added nucleons) are complex, and no cor-
rections were made.

In one case in Fig. 1(b), the neutron 0d3/2 holes in the Ca
isotopes, the sequence of energies shows a break at N = 20,
where this orbit is filled. The sequence is split at the shell
closure, the data below N = 20 are separated from the data
above. While the 0d3/2 orbit is filling, the slope shows the
characteristic downward trend, as in all the cases where only
the orbit considered is changing its occupancy. Above N =
20, as the 0 f7/2 orbit fills, the slope is upward, as is always
the case when the occupancy of more than the state studied is
changing.

From Fig. 1(a) it is clear that the influence of added neu-
trons on proton states, or of added protons on neutron states
is strongly attractive. This feature has been recognized for a
long time Yukawa [32] and is inherent in the nature of pion
exchange. An “asymmetry term” is part of the semi-empirical
mass formula [33,34]. But our purpose here is not to review
the history of the NN interaction.

It is well known and expected from one-pion exchange,
that the np and T = 0 interactions are much stronger than the
T = 1.1 The mean values of the slopes (logarithmic derivative
with respect to nucleon number) in the various subgroups and
the rms variation among them are shown in Table I. The indi-
vidual values for these are given in the Supplemental Material
[21].

The relative constancy of the slopes in Fig. 1 and Table I
over an almost order of magnitude change in nucleon number,
has not been explicitly noted before, though it may have been
implicitly assumed.

This apparent similarity between the slopes of energies
changing with nucleon number, is a feature of plotting them
on a logarithmic scale in N or Z . The pattern would be quite
different, were the data plotted on a linear scale. The slope
for each segment, d (Eπ ,ν

j )/dN or dZ , is plotted in Fig. 2.
The lines correspond to constant change in energy for the

1Another reflection of a larger role for the np interaction is in two-
nucleon knockout (e, e′2N ), where closely correlated np pairs are
found to be at least six times more likely than nn and pp pairs [35].
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FIG. 2. The slope of effective energies vs nucleon number for the
line segments shown in Fig. 1. Blue dots are the slopes for segments
where the nucleons changing are different from the one in the state,
np, those in Fig. 1(a). The red and green points correspond to the
slopes of segments where the nucleons are the same species as in
the state, T = 1, from Fig. 1(b). The lines represent a 1/N or 1/Z
dependence, normalized to the data (the assumption that the slope in
fractional change in the numbers of nucleons is constant). The shaded
areas indicate the approximate range of the data. The inset shows the
monopole of the empirical two-body matrix elements from Ref. [36]
as discussed in the text with the nucleon numbers the average of the
species contributing to that multiplet for that nucleon. The shaded
areas and the lines are the same in the inset as in the main figure.

same f ract ional change in nucleon number, consistent with
the naive picture that each nucleon contributes equally to the
overall binding field.

Indeed, the slopes of the different line segments follow the
lines with some scatter, likely from differences in overlaps
between orbits and the details of the effective interaction, such
as the tensor component. But the scatter is small compared to
the magnitude of the slopes.

The most dramatic difference, evident in Fig. 1 and Table I,
is that where the changing nucleons are the same as the one
tracked (T = 1), the slope is less in absolute magnitude than
for the np case. The magnitude of this difference is approxi-
mately consistent with the empirical “symmetry term” in the
semiempirical mass formula and the Woods Saxon potentials
of the optical model for nucleons which is briefly discussed
further below.
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These trends fascinated John, where data and systematics connect his 
1975 work with his later exploration of single-particle energies. He was 

adamant that there is much more to this yet to be explored ...
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"This is what I would probably consider the most significant contribution – 
but it is not the way theorists think about effective interaction. Our 
systematic collection of information still has the potential to lead to a 
major insight, in my view, ..."

"Recent precise work on transfer reactions to extract systematics in single 
particle energies and especially the evidence for a tensor term in the 
Hamiltonian that become evident in high-j orbits. Mapping out the Fermi 
surface in nuclei to try and constrain calculations of matrix elements for 
neutrinoless double beta decay, again by transfer reactions. Both of these 
latter two try to demonstrate how such transfer reactions should be done."

John in his own words (John on John)
Of his Bonner Prize work ...

Of his 2000s work ...
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John in his own words (John on Irrationalities)

PaVV YelRciW\ WR 11.6 MeV iQ 0� diUecWiRQ, aUe cUeaWed. TheVe aUe XVed fRU a SUeciVe 
deWeUPiQaWiRQ Rf Whe TXeQchiQg facWRUV [Jag05,SWU14]. The QeXWURQV aUe VcaWWeUed Rff Whe 
kU\RgeQic deWecWRU aQd WheiU eQeUg\ lRVV iV PeaVXUed b\ WheiU WiPe Rf flighW XViQg a SXlVed beaP 
aV Whe VWaUW VigQal aQd 40 liTXid VciQWillaWRU deWecWRUV fRU Whe VWRS VigQal. NRZ a ViPilaU daUk 
PaWWeU e[SeUiPeQW, COSINUS [AQg16], Zhich iV baVed RQ NaI deWecWRUV fRU ShRQRQV aQd lighW 
iV alVR calibUaWiQg Whe TXeQchiQg facWRUV Rf WheiU deWecWRUV ZiWh WhiV QeXWURQ VRXUce. IW VeUYed 
alVR WR chaUacWeUi]e SXlVe VhaSe diVcUiPiQaWiRQ aQd SURWRQ TXeQchiQg iQ RUgaQic liTXid 
VciQWillaWRUV fRU laUge Vcale QeXWUiQR deWecWRUV [ZiP13,ZiP15]. 
 

2XWORRN 

IQ Whe SaVW decade cRlleagXeV fURP PRUe WhaQ 20 iQVWiWXWiRQV ZRUld-Zide haYe 
cRllabRUaWed ZiWh XV RQ QXcleaU Sh\VicV e[SeUiPeQWV aW Whe Q3D alRQe. WheQ RXU lab ZaV clRVed 
iQ 2015 fRU half a \eaU becaXVe Rf fiUe SURWecWiRQ iVVXeV, a diVWiQgXiVhed cRlleagXe fURP Whe 
AUgRQQe NaWiRQal LabRUaWRU\, ZhR haV a Ueall\ SURfRXQd XQdeUVWaQdiQg Rf QXcleaU Sh\VicV aQd 
ZhR iQiWiaWed Whe SURgUaPPe WR deWeUPiQe ViQgle-SaUWicle RccXSaQcieV iQ dRXble-beWa deca\ 
SaUWQeUV, cRPPeQWed [Sch15]: ³I gXeVV iW VeePed iUUaWiRQal VRPe 40-50 \eaUV agR WhaW WheUe 
ZeUe VXddeQl\ VR PaQ\ WaQdePV aQd c\clRWURQV bXilW fRU QXcleaU VWUXcWXUe aURXQd Whe 
ZRUld.  BXW iW iV eYeQ PRUe iUUaWiRQal QRZ WR Vee Whe ZRUld headiQg fRU liWeUall\ NO caSabiliW\ 
iQ WhiV field.´ 

We gUaWefXll\ ackQRZledge diVcXVViRQV aQd helS fURP R. GeUQhlXVeU, R. HeUWeQbeUgeU, 
aQd G. KRUVchiQek. The idea WR ZUiWe WhiV LabRUaWRU\ PRUWUaiW iV dXe WR SiVV\ K|UQeU, Whe ediWRU 
Rf NXcleaU Ph\VicV NeZV, ZheUe WhiV We[W had WR be VhRUWeQed VXbVWaQWiall\. 
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John in his own words (John on Fashion)

"I guess science is subject to the same human fashion sense as clothing."
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Summary ... boundless curiosity and fascination

Glimpses into 1-2 examples of the major research programs John motivated

The impact of these works are front and central in the field today and will 
be for years to come (solenoidal spectrometers, quenching, weak binding, 
evolution of effective single-particle energies ... transfer reactions central 
to all) 

His insight, deep thought, tinkering with data and trends, curiosity and 
fascination, lead to such rich outcomes -- extremely rare in the field 

Thank you ... 
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... and thank you,  
John P. Schiffer 

(if you were a speaker, 
and he started to chew his 
glasses, you knew he was 
engaged [in a good or bad 
way] and likely a very 
challenging question was 
coming your way)

(John next to Marianne in 2006)
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