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Probing exotic cross-shell interactions at N = 28 with single-neutron transfer on 'K
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We present the first measurement of the 47K(d,pfy)wK transfer reaction, performed in inverse
kinematics using a reaccelerated beam of *"K. The level scheme of “®K has been greatly extended
with nine new bound excited states identified and spectroscopic factors deduced. Detailed compar-
isons with SDPF-U and SDPF-MU shell-model calculations reveal a number of discrepancies with
these results, and a preference for SDPF-MU is found. Intriguingly, an apparent systematic over-
estimation of spectroscopic factors and a poor reproduction of the energies for 1~ states suggests
that the mixing between the ms; /12d3/42 and 7rsl/22d3/32 proton configurations in “®K is not correctly
described using current interactions, challenging our descriptions of light N = 28 nuclei.

The nuclear shell model has long been established as is the premise that complex many-body nuclear systems
the central theoretical approach to studying the structure may be described as protons and neutrons occupying or-
of nuclei across the chart of isotopes [1H4]. At its core bitals of discrete energies, organized in shells. Specific



nuclear states are then obtained by computational diag-
onalizations of the nuclear Hamiltonian in a many-body
model space consisting of one or more shells. This ap-
proach has been extremely effective in reproducing exper-
imental observations, including excitation energies of nu-
clear states, spin-parity assignments, spectroscopic fac-
tors, and the emergence [5], [6] or weakening [7] of “magic
numbers” (particularly stable configurations of nucleons).
These models are partly phenomenological, and require
experimental data to refine the interactions between or-
bitals. Hence, exotic cross-shell interactions — which are
critical to the structure exotic nuclear matter, but dif-
ficult to access experimentally — can be expected to be
less well understood. There is significant need for experi-
mental studies of the 7(sd)-v(fp) interactions, which will
dominate the structure of neutron-rich nuclei from 42Si
to %°Ca.

Previous studies of the 7 (sd)-v(fp) interaction have
been very successful, establishing the emergence of new
magic numbers [5] and observing a critical weakening
of p-wave spin-orbit splitting [8HI0]. Of these, the in-
terpretation of 46Ar(d, p) is not straightforward due to
the ground state structure of “®Ar being poorly under-
stood [TTHI3]. For the neighbouring *"K nucleus, how-
ever, the ground state structure is well-understood due
to a previous measurement of the magnetic moment [I4].
Specifically, 47Kg_54 has an unusual proton configura-
tion, ws1/12d3/2, whereas its neighbour nuclei, 46Kg,s_ and
48K,.s., both have 7751/22d3?2 configurations [15]. This
makes 47Kg_s, a solid foundation for transfer reaction
studies, whilst providing the first access to the m(sy/2)-
v(fp) interaction by this method.

The level structure of **K is largely unknown [16],
and current shell-model calculations fail to reproduce the
experimentally determined spin and parity (17) of the
ground state. It seems that the mixing between the pro-
ton configurations 7rsl/12d3;12 and ﬂ'sl/QngfQ, which coexist
at near-degenerate energies, may play a key role in the
structure of 48K.

In this Letter, we present a detailed spectroscopic
study of the nucleus *®*K, in which excited states up
to and above the neutron-emission threshold energy (S,
= 4.644 MeV [18]) were populated via 4"K(d, py) trans-
fer reaction in inverse kinematics. This selective reac-
tion mechanism allows for the preferential population of
single-particle levels in “*K, thereby isolating states built
upon the 71'51/12d3f2 ground state of "K, with a neutron in
the vp3 /o, VP /o, or hitherto-unexamined vf; o orbitals.
Moreover, in probing such states, this work represents a
stringent test of modern shell-model calculations, requir-
ing a need to account for both the neutron wavefunction
and the mixing between the two proton configurations.
In this regard, the unique combination [I9] of the AGATA
high-efficiency v-ray tracking array |20} [21], the advanced
MUGAST silicon array [22], and the VAMOS++ mag-

netic spectrometer [23], was of critical importance. In
particular, it provided the background-free, ultra-high-
resolution performance required to extract nuclear prop-
erties from excited states in odd-odd nucleus 8K, which
are closely spaced within the energy range F, = 0 —
4 MeV.

A thick graphite target was bombarded with a 60
MeV /nucleon primary beam of **Ca, in order to produce
a 7.7 MeV /nucleon beam of unstable 4"K ions, delivered
by the SPIRAL1+ facility at GANIL [24]. This >99.9%
pure secondary beam of 4K, of intensity ~ 5 x 10° pps,
was directed onto a 0.31(2) mg/cm? thick self-supporting
CD, target. Prompt v rays were detected using the
state-of-the-art AGATA tracking array [25H28], which in
this instance consisted of 12 triple-cluster HPGe detec-
tors mounted 18 cm from the target, covering angles
01ap~130—160° [I9]. Ejected protons were detected at
backward angles (6},,~104—156°) with the MUGAST
double-sided silicon strip detector array, while beam-like
heavy-ion recoils were transmitted to the focal plane of
the VAMOS++ magnetic spectrometer (providing effec-
tive rejection of events resulting from reactions on car-
bon). Beam normalisation was achieved by monitoring
incoming 4"K particles with a single CATS multiwire pro-
portional counter [29] and by studying elastically scat-
tered deuterons with a silicon detector, placed down-
stream of the target position. For proton energy cal-
ibrations, a triple-ow source consisting of 239Pu, 24'Am
and 2**Cm was employed. The 8K excitation energy
(E,) was reconstructed from the energy and the angle of
the protons, requiring a coincidence with an ion at the
VAMOS-++ focal plane. Whilst the reconstructed exci-
tation energy resolution was ~330 keV, the coincident
~v-ray energy measurement allowed for a much higher ef-
fective resolution to be achieved. Gamma-ray energy and
efficiency calibrations were carried out using a standard
152Ey source, extrapolated to high energies through sim-
ulation [30]. Doppler correction of y-ray energies was per-
formed using velocities calculated event-by-event, from
the observed proton energies and angles. The Doppler-
corrected ~-rays had a resolution of 7 keV at 1.8 MeV,
allowing for states that are unresolved in the particle-
only spectrum to be separated in the particle-y coinci-
dent spectrum, detailed below in Fig.

An elastic scattering normalisation value, N, (the
product of the number of deuterons in the target and the
integrated flux of the incoming beam), was determined
by comparing elastically scattered deuteron data with op-
tical model calculations. In this case, the optical model
calculation was performed using the code FRESCO [31]
and the potential of Daeknick, Childs and Vrcelj [32],
although we note that DWUCK4 [33] produces entirely
consistent results. Observed (d, p) proton events were re-
constructed using the nptool framework [34], which also
allowed a consistent efficiency determination using realis-
tic GEANT4 Monte Carlo simulations [35]. The factor N4
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FIG. 1. (Color online) (a) Full reconstructed excitation energy spectrum of 48K in black, with the neutron separation energy,
Sn = 4.644 MeV, indicated. Peaks are labelled with their energies as determined by ~-ray spectroscopy. Three excitation
energy spectra in coincidence with three observed v-rays are shown in colour, showcasing how otherwise-unresolved peaks can
be resolved. The peak marked with an asterisk represents an unresolved multiplet — see text. (b) Gamma-decays observed with
AGATA over the energy range 0.0—0.6 MeV (cf. Table|l). The small peak at 0.357(1) MeV corresponds to the decay of the first
excited state in 47K (slightly shifted due to its 1 ns lifetime [I7]) which is populated here by the decay of neutron-unbound
states in *®K. (c) Gamma-decays observed with AGATA over the energy range 2.3—3.7 MeV. Symbols indicate the v-rays
(2.407, 2.872 and 3.516 MeV) used to construct the coloured excitation spectra.

was then applied to the observed angular distribution of
these protons in order to obtain differential cross sections
(do/dQ). For the extraction of spectroscopic factors, S,
differential cross sections were compared with theoretical
calculations determined from the code TWOFNR [36],
using the Koning-Delaroche global optical potential [37]
and Johnson-Tandy adiabatic model [38, 39]. In this
analysis, the statistical error in extracting spectroscopic
factors from differential cross sections is <10% [40]. How-
ever, the overall systematic uncertainty arising from re-
action model limitations is expected to be ~20%. This is
illustrated in the analysis of Ref. [41], which also demon-
strates that this technique, as discussed in Ref. [42],
provides spectroscopic factors that can be compared di-
rectly to the shell model values. Shell model calcula-
tions were performed using the NuShellX code [43] to
compute the first 40 states of each spin. Two state-of-
the-art interactions were used, SDPF-U [44] and SDPF-
MU [45] [46], as they are well-suited to describing nuclei
in the region N>28, Z<20. Crucially, while the cross-
shell 7(sd)-v(fp) component of the SDPF-U interaction
is phenomenological in nature, in SDPF-MU this compo-
nent is instead derived from first principles.

Table I presents the excitation energies, spin-parity as-
signments and spectroscopic factors of states in **K ob-
served in this work, together with a comparison to cur-
rent shell-model calculations, while Fig. [I] displays the
excitation energy spectrum and coincident 7-ray spec-
trum observed in this work. With the exception of states

up to 0.8 MeV [16], all other states in *®K are reported
here for the first time. It is important to note that all
levels observed in this study must have some wavefunc-
tion component of the unusual 71'81/12(13;12 structure — we
do not observe the three states above 0.8 MeV found by
Krolas et al. [16], as they have a structure based on the
7TSl/22d3/32 configuration.

In considering Fig. [1| several states in 8K, such as the
ground state and the first excited state (0.143 MeV), are
unresolved. However, using the excitation energies ob-
tained via y-ray spectroscopy, a function was constructed
which fit every state simultaneously, reproducing the ex-
citation energy spectra well, across all angles. Hence,
individual angular distributions were extracted for each
state. Fig. |2 presents the do/d) of observed states,
alongside theoretical calculations for ¢ = 1,3 transfer.
As shown in Figs. Pfa) and (b), both the ground and
first excited states in *®K are well described by ¢ = 1
transfer, in agreement with the previous 1; and 2] as-
signments [16]. Beyond the two lowest energy states, four
strong peaks are observed in Fig. [[]at 0.967, 1.409, 1.978
and 2.407 MeV, respectively. An angular distribution
analysis of these peaks, shown in Figs. 2fc)-(f), reveals
pure £ = 1 characters, indicating spin-parity assignments
of 07, 17 or 27. In comparison with shell-model cal-
culations for p—wave states over the excitation energy
range 0.5 — 3.0 MeV, we find that the properties of the
presently observed 0.967, 1.409, 1.978 and 2.407 MeV lev-
els follow the predicted ordering and ~y-decay pathways



TABLE I. Properties of states observed in **K. Excited state
energies were determined using v-ray transitions observed
from states populated directly in (d,p) or in cascade decays.
Associated branching ratios (BR) are listed. Experimental
spectroscopic factors Sexp are shown in comparison with shell-
model calculations using the SDPF-MU [45] [46] (Smu) and
SDPF-U [44] (Su) interactions. Upper limits on Sexp have
been established from the non-observation of proton peaks.

E, [MeV] J™ [E, [MeV] BR [ nf; Seq]] Smu Su
0.000 1~ — — [2ps,2 0.24(5) 0.40 0.21
0.143(1) 2~ | 0.143(1) ~100|2ps,, 0.42(8) 0.86 0.84
0.279(1P[ 2= [0.279(1) ~100|2ps,, <0.03 0.01 0.05
0.728(3)°| 3~ | 0.449(2) ~100|1f;;, <0.04 0.06 0.05
0.967(2) 0~ | 0.967(2) ~100|2p;,» 0.26(5) 0.40 0.38
1.409(3) 1 | 1.130(3) 10(2)[2ps/» 0.24(5) 0.35 0.54
1.266(2) 63(2)
1.409(3) 28(1)
1.978(4) 1~ | 1.010(4) 5(1)[2py/2 0.50(10) 0.88 0.84
1.836(3) 93(2)
1.979(3)  2(1)
2.407(6) 0~ | 0.997(4) 33(2)[2p12 0.34(7) 0.56 0.58
2.407(5) 67(7)
2.908(8) 2~ | 2.765(7) ~100|2ps,, 0.023(5)
15 0.06(1) — —
3.250(6) (37)| 2.971(4) ~100]|1f5,, 0.06(1) 0.11
3.601(8) 2~ [ 2.193(3) 15(4)|1f5,, 0.34(7) 0.47 0.50
2.872(7) 38(7)
3.325(4) 22(5)
3.458(7) 12(4)
3.598(7) 12(4)
3.792(8) (37)]3.063(2) 12(4)[1f5,, 0.16(3) 0.33 0.39
3.516(7) 88(4)
3.868(7) (27)] 3.727(6) 59(9)| 1f5,, 0.14(3) 0.18 0.21
3.865(8) 41(9)

a Systematic uncertainty of 20% has been applied, see text.
b State inferred from the ~ decays of higher-energy excited states.

[40] of the 07, 15, 15 and 05 levels in *®K, respectively.
As such, we adopt these assignments here.

In contrast, at higher energies (E, > 3 MeV) all states
appear to be populated via pure f—wave (£ = 3) transfer
— see Figs. h)—(i) — indicating J™ assignments of 2~ or
37, assuming transfer to the empty f5,; orbital. Of these,
the 3.601 MeV state is the most strongly populated, with
v decays to 17, 27 and 3~ levels. Both shell-model calcu-
lations predict that the state populated with the largest
pure f—wave spectroscopic factor is a 27 excited state.
Therefore, we assign the 3.601 MeV state as 27. Addi-
tional, strong states at 3.792 and 3.868 MeV in “8K are
also found to be well reproduced by clear ¢ = 3 transfers.
The 3.792 MeV level is found to exhibit «y-ray transitions
to 27 and 3~ states, while the 3.868 MeV state decays
to 17 and 27 states. In this light, we favour 3~ and 2~
assignments for these two states. In addition to the afore-
mentioned 3.601, 3.792 and 3.868 MeV levels, a relatively
weakly populated state at 3.250 MeV is found to decay
via a 2.971 MeV + ray to the second excited 2~ state. As
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FIG. 2. Experimental differential cross sections for states ob-
served in this work, with the scaled theoretical differential
cross sections for ¢,=1 (¢,=3) transfer in solid red (dashed
blue) lines: (a) Ground state, (b) 0.143 MeV, (c) 0.967 MeV,
(d) 1.409 MeV, (e) 1.978 MeV, (f) 2.407 MeV, (g) 2.908 MeV,
(h) 3.601 MeV, (i) 3.792 & 3.868 MeV, (j) High energy mul-
tiplet. Only in the case of (g) was both =1 and ¢=3 clearly
required, with the best-fit shown in dot-dash green.

we do not observe the energetically favoured transition to
the 17 ground state, and based on reasonable matching
to shell-model energies, we tentatively assign this state
as 3.

Intriguingly, as can be seen in Fig. g), we observe an
excited state in the present data at 2.908 MeV that is not
well reproduced by either a pure £ =1 or £ = 3 distribu-
tion, and requires a mixed configuration, indicating a 2~
assignment. This is of particular significance as no such
state is predicted by either shell-model calculation. Here,
we extract ps/; and f5 /5 spectroscopic factors of 0.023(5)
and 0.06(1) for the 2.908 MeV excited level. Furthermore,
given this is the lowest-energy state to be observed in the
current work to exhibit an f—wave component, we note
that the presently observed 2.908 MeV excited state pro-
vides an excellent experimental marker for the location
of the f5/5 shell in this region of the nuclear chart.

We expect a number of levels to contribute to the peak
labelled by an asterisk in Fig. As such, an angular



distribution analysis was performed by considering this
high-energy multiplet to be a single broad peak. Whilst
pure ¢ = 3 transfer reproduces the data well, as high-
lighted in Fig. j), definitive spin-parity assignments
could not be determined. Consequently, we simply re-
port here an upper (lower) limit on the overall spectro-
scopic factor for this region ~4 MeV of 0.45 £ 0.09 (0.32
+ 0.07). Finally, for states above the neutron threshold,
we attribute an integrated ¢ = 3 spectroscopic factor of
~0.2.

In evaluating the impact of the present work on nu-
clear structure around neutron number, N = 28, we first
reiterate that these state-of-the-art shell-model calcula-
tions [43H46] fail to reproduce the 1~ ground state of 48K,
as shown in Fig. [3] This striking feature provides a key
benchmark around N =28 and emphasises the impor-
tance of theoretical improvements in this region, where
the sy o and mdy/, orbitals are degenerate. Also clear
in Fig. is that the spacing between the pure £ = 1 and
pure £ = 3 states (observed to be ~0.8 MeV) is overesti-
mated by SDPF-U (~1.6 MeV), but closely reproduced
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FIG. 3. Comparison of states directly populated by *"K(d,p)
as observed experimentally, and as predicted by shell model
calculations using SDPF-MU [45], 46] and SDPF-U [44]. For
each state, the filled length of the line represents the spec-
troscopic factor, S. All shell model states with S > 0.1 are
shown. The p-wave (f-wave) states are shown in red (blue)
and fill from the left (right). The mixed state (green) fills
from both sides.

by SDPF-MU (~0.9 MeV). More quantitatively, the aver-
age energies of v(p3/2), v(p1/2) and v( f5/2) — weighted ac-
cording to S and (2J41) — are experimentally determined
to be 0.45(2), 1.93(2) and 4.0(1) MeV, respectively [40].
This compares more favourably to SDPF-MU (0.56, 1.88
and 3.87 MeV) than SDPF-U (0.66, 2.12 and 4.35 MeV).
Further, the splitting between the high and low spin pro-
jection of v(ps3/2), v(p1/2) and v(f5/2) are 0.42(2), 0.19(1)
and <0.8 MeV experimentally, again favouring SDPF-
MU (0.76, 0.10 and 0.11 MeV) over SDPF-U (1.16, 0.44
and 0.24 MeV). Recall, however, that neither SDPF-MU
nor SDPF-U shell-model calculations predict a neutron-
mixed state with both p—wave and f—wave contribu-
tions, as observed in Fig. [[(g).

Interestingly, with the exception of the ground and
first excited state in “8K, the shell model correctly re-
produces the ordering of observed ¢ = 1 transfer levels.
Furthermore, all excited states that are predicted to ex-
hibit strong p—wave single particle strength by the shell
model are observed experimentally here. However, exper-
imentally deduced spectroscopic factors, Sexp, are consid-
erably reduced relative to the proposed shell-model coun-
terparts. Specifically, measured Sey, values are a factor
~0.5—0.7 lower than Syy or Sy, as shown in Table I.
This appears to be similarly true for ¢ = 3 transfer, in
spite of the fact that this analytical method should re-
produce the shell model spectroscopic factors [411, 42].

An explanation for the observed discrepancies between
theory and experiment may arise from the fact that states
in 48K with two different proton configurations coexist in
the same energy regime. This is due to the near degen-
eracy of the 7rsl/12d3;12 configuration (as found in the 4K
ground state) and the wsl/QQd?j’Q configuration. Assuming
a single step process in the (d,p) reaction, states in 8K
are populated via the 7781/12(13/42 component of their wave-
function. In this regard, the shell model may not cor-
rectly predict the degree of mixing between the two pro-
ton configurations in each “®K state. If the shell model
overestimates the fraction of 7s; }ng;g in the final state
wavefunction, this may account for the discrepancy in
calculated and observed spectroscopic factors. Consider-
ing mixed proton configurations further, the two lowest
1~ states manifest from a neutron in p3/, orbital cou-
pled to the Wsl/lzdg/‘lz and 7rs1/22d3/32 configurations, re-
spectively. Both shell-model interactions predict these
two configurations to mix substantially, and, indeed, this
is what is observed in the current study. It is worth
noting that, in a weak coupling model, the two configu-
rations are degenerate, whilst, conversely, mixing pushes
them apart in energy. On this point, shell-model calcu-
lations predict the first two 1~ states to be separated by
less than 1 MeV; from experiment the separation is 1.4
MeV. This implies that the shell model fails to correctly
account for the mixing between configurations. More-
over, this accounts for the ground state (which is a 1~



state) being predicted incorrectly in the models. Inter-
estingly, the situation for the two lowest 27 states (ex-
perimentally, the first two excited states) is in complete
contrast, whereby the shell model predicts almost no mix-
ing between the 7rsl/12d3;12 and 7rsl/22d3/32 configurations
and experiment confirms this, with only the 0.143 MeV
excited state being observed. More generally, we note
that the overestimation of the spectroscopic factors by
the shell model increases according to the percentage of
the 7rs1/12d3;12 configuration in the 8K wavefunction [40].
Additionally, we note that the neutron single-particle en-
ergies of f5/2, p1/2, P32 and fr/, we extract for 48K
(—0.64, —2.71, —4.19 and —8.37 MeV) lie in between
those of ¥°Ca (—1.15, —3.13, —5.15 and —9.95 MeV) and
4TAr (—0.1, —2.42, —3.55 and —8.02 MeV) — cf. Fig 3 in
Ref [8].

In summary, we have performed the first measurement
of the 4"K(d, py)*®K transfer reaction. Nine new bound
excited states have been uniquely identified and spec-
troscopic factors deduced, providing a benchmark for
m(s12)-v(fp) interactions in theoretical models. A de-
tailed comparison with state-of-the-art shell-model cal-
culations indicates several key discrepancies between the-
ory and experiment. In particular, the failure of shell-
model calculations to predict the 1~ ground state of 48K
is traced to incorrect mixing between the proton config-
urations, evidenced by the energy gap from 17 to 15
(measured here for the first time — see Fig [3). Addition-
ally, neither calculation can account for the existence of
the mixed pf—configuration state observed in the cur-
rent study. Further, an analysis of the spacing and split-
ting of f- and p-wave orbitals reveals a clear preference
for the ‘first-principles’” SDPF-MU interaction over the
‘phenomenological’ SDPF-U interaction. This informa-
tion is useful for extrapolations to neutron-rich nuclei;
for example, calculations for 4P using SDPF-MU indi-
cate v(py/2)-v(p3/2) degeneracy, which is in contrast to
SDPF-U predictions. Finally, the experimentally deter-
mined spectroscopic factors are found to be systemati-
cally smaller than those predicted by theory, which may
be due to an overestimation by shell-model calculations
of the fraction of 7rsl/12d3;12 in the final state wavefunc-
tions of levels in *®K. This echoes the difficulty with shell
model calculations for neighbouring 47 Ar, populated by
46 Ar(d, p) |8], indicating that the key limitation in our de-
scription of light nuclei around N=28 is the poor under-
standing of the proton component. As such, it is crucial
that these nuclei with near-degenerate proton configura-
tions be investigated further in order to benchmark the-
oretical models in this region of the nuclear chart. Mea-
surements of single-neutron transfer on the N =28 nu-
clei, °Cl and %3P, using radioactive beams are strongly
recommended.
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