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Motivation

Why N = 28?

First magic number
not replicated by just
two-body NN [1].

Weakens Z < 20 [2],
gradual deformation.

Evidence 54Ca is
doubly-magic [3].

[1] J.D. Holt et al., J. Phys. G 39,
085111 (2012)
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[2] L.A. Riley et al., Phys. Rev. C
101, 059902 (2020)
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Why N = 28?

First magic number
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two-body NN [1].

Weakens Z < 20 [2],
gradual deformation.

Evidence 54Ca is
doubly-magic [3].

[3] D. Steppenbeck et al., Nature 502,
207 (2013)
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Motivation

level scheme is uncertain owing to ambiguity in coincidence measure-
ments between the 1,656- and 1,184-keV lines. However, the appear-
ance of a relatively low-energy peak (=0.5MeV) in the energy-gated
spectrum in Fig. 4b provides a further hint of the level structure. We
note that this peak is obscured in the spectrum of Fig. 4a because
Bremsstrahlung radiation is present. Although the precise energy of
the peak is not reported here, owing to ambiguity caused by detector
thresholds, the peak appears in the spectrum at an energy correspond-
ing to the energy difference between the 1,656- and 1,184-keV transi-
tions, which is 472(31) keV. Thus, it is probable that the 1,184- and
,472-keV transitions form a cascade that starts from the 3,699-keV
level and runs in parallel to the 1,656-keV c-ray, although the ordering
of the 1,184- and,472-keV transitions in the decay sequence cannot
be specified here.
The excitation energies of 2z1 states, E(2z1 ), are presented in Fig. 2b

for Ca isotopes. Typically, peaks in E(2z1 ) systematics along isotopic
chains indicate the presence of large nuclear shell gaps, although the
correlation energy can also influence E(2z1 ) in some instances. Indeed,
in the case of 48Ca, the large E(2z1 ) value reflects the strength of the
standard magic numbers Z5 20 (proton number 20) and N5 28 in
stable nuclei. For 52Ca, the onset of the N5 32 subshell closure6,7,12 is
highlighted by the large increase in E(2z1 ) relative to its even–even
(even-N and even-Z) neighbour 50Ca. The result of the present work
indicates that E(2z1 ) for 54Ca is comparable to that for 52Ca, thus pro-
viding direct experimental evidence for the doubly magic nature of 54Ca.
Moreover, in Fig. 2c, E(2z1 ) systematics for the N5 30, 32 and 34

isotonic chains are presented for even–even nuclei fromAr (Z5 18) to
Ge (Z5 32). A comparison of the energies for Ca and Ni along each
isotonic chain is emphasized, because these two species are host to
magic proton cores with Z5 20 and 28, respectively. For the N5 30
isotones, we note that E(2z1 ) for 58Ni lies 0.4MeV above its Ca
counterpart. In the case of 60Ni and 52Ca, however, which fall on the
N5 32 line in Fig. 2c, E(2z1 ) becomes strongly enhanced for Ca

relative to Ni, indicating the additional strength of theN5 32 subshell
gap at Z5 20. Similarly, a large increase in E(2z1 ) for 54Ca relative to
other N5 34 isotones provides further evidence for the new subshell
closure in Ca isotopes at this neutron number.
Also plotted in Fig. 2b are the energies of first JP5 32 states, E(3{1 ),

for even–even Ca isotopes alongside the 3,699-keV level reported in the
present work. Discussions of the systematics of E(3{1 ) along the Ca
isotopic chain and specific details of the nature of those excitations,
which are understood as nucleon cross-shell excitations, are provided
in refs 7, 26. Because the data point for 54Ca continues the general trend
of the experimental systematics well, a spin–parity assignment of 32

seems plausible for the 3,699-keV state. It is stressed, however, that these
spin–parity quantum numbers could not be confirmed from the experi-
mental data and are therefore suggested only as tentative assignments.
Shell-model predictions of excited states for 54Ca are presented in

Fig. 2b. Here we report calculations performed in the sd–fp–sdgmodel
space (specifically, the 1d5/2, 1d3/2, 2s1/2, 1f7/2, 1f5/2, 2p3/2, 2p1/2, 1g9/2,
1g7/2, 2d5/2, 2d3/2 and 3s1/2 SPOs) using a modified GXPF1B shell-
model Hamiltonian14 with an adjustment to the strength (–0.15MeV)
of the np3/2–nf5/2 monopole interaction between neutrons. Details on
other components of the effective interaction are provided in ref. 26.
The calculations indicate that the 2z1 state is primarily a consequence
of a neutron particle–hole excitation across the N5 34 subshell gap
and, despite E(2z1 ) being lower than in 52Ca as a result of the cor-
relation energy, the strength of the N5 34 subshell gap (the np1/2–
nf5/2 SPO energy gap for 54Ca) is in fact similar to the one at N5 32
(the np3/2–np1/2 SPO energy gap for 52Ca). More specifically, our
calculations suggest that although E(2z1 ) for 52Ca is very similar
to the np3/2–np1/2 SPO energy gap at N5 32, the effect of the correla-
tion energy reduces E(2z1 ) by ,0.5MeV relative to the np1/2–nf5/2
SPO energy gap for 54Ca. The difference is mainly attributed to
the larger ground-state correlation energy of 52Ca, which is under-
stood from the relative strengths of the Æp3/2p3/2jVjp1/2p1/2æJ50 and
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Figure 1 | Schematic illustration highlighting the attractive interaction
between the proton pf7/2 and neutron nf5/2 single-particle orbitals for
N5 34 isotones. a–c, As protons are removed from thepf7/2 orbital (from

60Fe
(a) through 58Cr (b) to 56Ti (c)), the strength of thep–n interaction decreases, as
represented by the decreasing width of the diagonal arrows, causing the nf5/2

orbital to shift up in energy relative to the np3/2–np1/2 spin–orbit partners.
Consequently, a sizable subshell closure presents itself atN5 32 in isotopes far
from stability. d, An additional subshell closure at N5 34 for 54Ca is possible.
The nf5/2 SPO is indicated as a bold dashed line to guide the eye.
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Fig. 1 Emergence of N = 34 magic number. Figure from Ref. [3]. When πf 7
2

is occupied,
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2
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Does this persist for isotopes Z<20?
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Motivation

SHELL STRUCTURE OF POTASSIUM ISOTOPES DEDUCED . . . PHYSICAL REVIEW C 90, 034321 (2014)

FIG. 9. Experimental energy spectrum of 48K adapted from
Ref. [15] using the fact that the nuclear spin is firmly established
to be 1− [26]. Results are compared to the calculated spectra from
different effective interactions: SDPF-NR and SDPF-U.

magnetic moment is well reproduced we can still draw reliable
conclusions on the wave function composition of the state.

In the case of 38K, the π1d−1
3/2 ⊗ ν1d−1

3/2 configuration
constitutes more than 90% of the total wave function. The
dominant component of the ground-state wave function for all
N > 20 even-A K isotopes is arising from a hole in the π1d3/2

coupled to an odd neutron in the pf orbital. For 40,42,44,46K,
the main component is π1d−1

3/2 ⊗ ν1f n
7/2 and its contribution

to the wave function decreases from more than 90% down to
about 85%. The lowest 1− state in 48K is predicted to be an
excited state by both interactions respectively at E = 407 keV
and E = 395 keV (see Fig. 9). Both interactions favor a 2−

state as the ground state. In addition, an excited 2− state
is near-degenerate with the 1− level, at E = 408 keV and
E = 340 keV, respectively. Considering the firmly assigned
ground-state spin-parity of 48K, and using the multipolarities
deduced from the measured lifetimes of the lowest four levels
by Królas et al. [15], the experimental spin-parities of the
four lowest excited states can now be more firmly assigned.
A reasonable agreement with the calculated level scheme is
shown up to 1 MeV. However, the positive parity level around
2 MeV, which must be due to a proton excitation across the

Z = 20 gap, is not reproduced in the current calculations, as
such excitations have not been included.

The wave function of the calculated lowest 1− state, which
reproduces the observed magnetic moment reasonably well, is
very fragmented compared to the other even-A K isotopes:
π1d−1

3/2 ⊗ ν2p3/2 only constitutes approximately 40% and
50% of the total wave function for SDPF-NR and SDPF-U,
respectively. The next leading component, π2s−1

1/2 ⊗ ν2p3/2,
contributes only 15–20%, although this isotope is located
between two isotopes with a dominant π2s−1

1/2 configuration
(47K and 49K). In addition, configurations which arise from
1p1h excitation from ν1f7/2 to the rest of the ν(pf ) shell
have a significant contribution of about 15% to the total wave
function of the lowest 1− state in 48K. In the case of 50K, the
wave function of the 0− level is much less fragmented: the main
component is π1d−1

3/2 ⊗ ν(pf ), constituting more than 85%

of the wave function. The contribution of the π2s−1
1/2 ⊗ ν(pf )

component as well as the one from 1p1h neutron excitations is
about 5%. While this 0− is correctly reproduced as the ground
state by the SDPF-U interaction, it is predicted at 315 keV
(with a 2− ground state) with SDPF-NR.

In addition to the magnetic moment and wave functions
obtained from the shell-model calculations, it is also possible
to extract information about the occupancy of the orbitals.
The calculated occupancy of the π2s1/2 and π1d3/2 orbitals
are shown in Fig. 10. The maximum number of particles
found in an orbital with total angular momentum j is 2j + 1.
Thus, for the s1/2 this number is 2, while in case of the
d3/2 it is 4. The occupation of the π2s1/2 remains almost
constant around 2 protons from N = 19 up to N = 27, with a
slight decrease toward 46K. For these isotopes, the occupation
of the π1d3/2 stays around 3 protons with a corresponding
slight increase toward A = 46. This increase (decrease) of

FIG. 10. (Color online) Proton occupation of the π2s1/2 and the
π1d3/2 orbitals from the shell-model calculations using the SDPF-NR
and SDPF-U effective interactions. It is clear that for isotopes
from A = 38–46 and A = 48,50–51 the dominant component in
the configuration is a hole in the π1d3/2. In the case of I π = 1/2+

isotopes, a proton hole is located in the 2s1/2. Deviation from integer
numbers for 47–49K indicates mixing in the wave function.

034321-9

Fig. 2 Proton orbital occupancy in
38−51K isotopes, �gure from Ref. [4].
Note that 47,49K have π(1s 1

2

)1(0d 3

2

)4.
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44P 46Cl 48K

π π πν ν ν

Fig. 3 Low lying states of 44P will be dic-
tated largely by π(1s 1

2

)
⊗
ν(1p 3

2

), which are

also populated by 47K(d,p)48K.

[4] J. Papuga et al., Phys. Rev. C 90, 034321
(2014)
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Motivation

Why 47K(d,p)?

48K is odd-odd & well-
positioned.

47K structure...
...π(1s 1

2
)1, π(0d 3

2
)4

I Predictive of 46Cl
and 44P structure.

I Informative about
ν(fp) states.
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Experiment

Motivation Experiment Analysis
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Experiment

Fig. 4 AGATA-VAMOS coupling (Ref. [5]) with
inlay showing AGATA-MUGAST coupling
(Ref. [6]).

Overview
I March 2021
I GANIL-SPIRAL1+
I 47K RIB

I 7.7 MeV/nucl.
I ≈ 99.99% pure
I ≈ 5× 10

5 pps
I 0.5 mg/cm2 CD2 target
I MUGAST + AGATA +

VAMOS campaign

[5] E. Clement et al., NIM. A 855, 1-12 (2017).
[6] M. Assié et al., NIM. A 1014, 165743 (2021).
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Experiment

Fig. 4 AGATA-VAMOS coupling (Ref. [5]) with
inlay showing AGATA-MUGAST coupling
(Ref. [6]).

Overview
I March 2021
I GANIL-SPIRAL1+
I 47K RIB

I 7.7 MeV/nucl.
I ≈ 99.99% pure
I ≈ 5× 10

5 pps
I 0.5 mg/cm2 CD2 target
I MUGAST + AGATA +

VAMOS campaign

[5] E. Clement et al., NIM. A 855, 1-12 (2017).
[6] M. Assié et al., NIM. A 1014, 165743 (2021).
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Experiment

Detectors

MUGAST
I GRIT + MUST2
I Upstream DSSD’s

for protons
I Downstream & 90◦

MUST2 detectors
I High-quality

particle
spectroscopy

I Viewed through
gates on...
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Experiment

Detectors (cont.)
AGATA

I 12 ATC’s→ 36 HPGe crystals
I Precise γ-ray gating and γ-γ coincidence
I FWHM ≈ 0.01 MeV @ 1.8 MeV

VAMOS++
I Timing gate
I Reject reactions on C
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Motivation Experiment Analysis
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Analysis
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Fig. 6 Sinusoidal variation in
energy across MUGAST trapezoids
due to beam o�set.

Corrections

Beam off-centre → MUST2 shift to
negative X, MUGAST misaligned...

Thin target → expected vs detected
particles.

Aligning 0.143MeV peak in MUGAST
detectors:

I X = −3.92 mm
I Y = +0.06 mm

I Z = +1.06 mm

I T = 0.187 mg/cm2
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Fig. 7 Experimental elastic
scattering data, compared to
various optical models.

Corrections

Beam off-centre → MUST2 shift to
negative X, MUGAST misaligned...

Thin target → expected vs detected
particles.

Using elastics to determine target
thickness:

I CD2 = 0.18(1) mg/cm2

I CH2 = 0.01(1) mg/cm2

I ∴ T= 0.19(2) mg/cm2

Methods agree, 37% of nominal.
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Fig. 8 Comparison of the 0.143 MeV excited state, isolated through γ-gating, as seen by
the individual MUGAST detectors (left, a&b) and the sum of the detectors (right, a&b).
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Analysis

Level scheme

Analysis performed using
nptool.

Triple-coincidence is vital.

Currently...
I Six new states
I Nine new transitions
I Two tentative spin-parities

Believed to arise from
π(1s 1

2
)
⊗

ν(fp).
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Fig. 9 Preliminary level scheme derived from
this work. New states/decays shown in red.
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Fig. 10 Proton energy against lab angle,
where the kinematic lines correspond to
states in the �nal nucleus. Inlay shows
predicted di�. cross sections (TWOFNR).

To do:
I More states (especially 4-4.6MeV ).
I Differential cross sections.
I Spectroscopic factors.
I Branching ratios.
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