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The first spectroscopy of K was investigated via in-beam y-ray spectroscopy at the RIKEN Radioactive
Isotope Beam Factory after one-proton and one-neutron knockout from **Ca and %K beams impinging on a
15-cm liquid hydrogen target at ~230 MeV /nucleon. The energy level scheme of >>K was built using single

“Contact author: mravar @ikp.tu-darmstadt.de

2469-9985/2024/110(6)/064301(9) 064301-1 ©2024 American Physical Society


https://orcid.org/0000-0003-4411-8791
https://orcid.org/0000-0001-7530-4066
https://orcid.org/0000-0002-6363-0056
https://orcid.org/0000-0003-2487-4805
https://orcid.org/0000-0001-7539-388X
https://orcid.org/0000-0001-8027-4076
https://orcid.org/0000-0002-0319-8214
https://orcid.org/0000-0003-4411-6796
https://orcid.org/0000-0003-4453-8120
https://orcid.org/0000-0002-2409-4019
https://orcid.org/0000-0002-2513-1141
https://orcid.org/0009-0009-6439-0996
https://orcid.org/0000-0001-5480-5048
https://orcid.org/0000-0003-3307-4746
https://orcid.org/0009-0002-7497-6527
https://orcid.org/0000-0001-5163-030X
https://orcid.org/0000-0003-3683-0500
https://orcid.org/0000-0002-2014-199X
https://orcid.org/0000-0002-5881-8353
https://orcid.org/0000-0002-7661-3941
https://orcid.org/0000-0003-3551-5058
https://orcid.org/0000-0003-4469-780X
https://orcid.org/0000-0003-2311-9891
https://orcid.org/0000-0003-3202-7032
https://orcid.org/0000-0003-0212-7497
https://orcid.org/0000-0003-1660-9294
https://orcid.org/0009-0007-7988-955X
https://orcid.org/0000-0003-0050-5677
https://orcid.org/0000-0001-7520-5922
https://orcid.org/0000-0002-5022-3312
https://orcid.org/0000-0001-6751-3714
https://orcid.org/0000-0003-4520-4448
https://orcid.org/0000-0001-6542-4697
https://orcid.org/0000-0002-4257-7065
https://orcid.org/0000-0002-1838-9363
https://orcid.org/0000-0002-2461-0618
https://orcid.org/0000-0002-9504-2814
https://orcid.org/0000-0002-9250-135X
https://orcid.org/0000-0003-4001-0150
https://ror.org/05n911h24
https://ror.org/03n15ch10
https://ror.org/03xjwb503
https://ror.org/05tqx4s13
https://ror.org/02k8cbn47
https://ror.org/052d0h423
https://ror.org/02956yf07
https://ror.org/00pg6eq24
https://ror.org/00p4k0j84
https://ror.org/035t8zc32
https://ror.org/022r8mj40
https://ror.org/05nf86y53
https://ror.org/01k40cz91
https://ror.org/02zhqgq86
https://ror.org/02v51f717
https://ror.org/01dq60k83
https://ror.org/057zh3y96
https://ror.org/026vcq606
https://ror.org/03xjwb503
https://ror.org/01h14ww21
https://ror.org/03etyjw28
https://ror.org/059yx9a68
https://ror.org/057zh3y96
https://ror.org/006vxbq87
https://ror.org/00y0zf565
https://ror.org/00x194q47
https://ror.org/02k8cbn47
https://ror.org/04jfns044
https://ror.org/02mw21745
https://ror.org/00rcxh774
https://ror.org/053fp5c05
https://ror.org/0112mx960
https://ror.org/01xtthb56
https://ror.org/05rtchs68
https://ror.org/03x8rhq63
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevC.110.064301&domain=pdf&date_stamp=2024-12-02

M. ENCIU et al.

PHYSICAL REVIEW C 110, 064301 (2024)

y and y-y coincidence spectra. The spins and parities of the excited states were established based on momentum
distributions of the fragment after the knockout reaction and based on exclusive cross sections. The results
were compared to state-of-the-art shell model calculations with the SDPF-Umod interaction and ab initio in-
medium similarity renormalization group calculations with chiral effective field theory nucleon-nucleon and

three-nucleon forces.

DOLI: 10.1103/PhysRevC.110.064301

I. INTRODUCTION

Early experimental efforts in nuclear structure revealed
patterns in the systematics of observables, such as binding
energies or excitation energy of the first 2T states in even-even
nuclei at specific numbers of protons or neutrons called magic
numbers [1,2]. The magic numbers for the stable nuclei are
2, 8, 20, 28, 50, 82, and 126. New ones were evidenced in
unstable nuclei, see Refs. [3,4] for recent reviews. Prominent
examples of new shell closures are at N = 32 manifested in
K [5], Ca [6-8], Sc [9], Ti [10-12], and Cr [13,14] isotopes
and at N = 34 evidenced experimentally in Ar [15] and Ca
isotopes [16-18]. The appearance of new magic numbers
stems from the evolution of effective single-particle energies
as a function of the proton number or the neutron number,
an effect which is known as monopole drift [3,4,19]. In the
potassium isotopic chain (Z = 19) this mechanism leads to
the inversion of the s/, and wd3,, orbitals observed for K
and “K followed by the restoration of the orbitals’ order in
SIK and 33K [20].

In the shell-model picture, at and near shell closures, the
low-lying energy levels are of single-particle nature, while
such states in midshell nuclei are dominated by correlations.
32K is an odd-odd nucleus surrounded by doubly magic and
semi-doubly-magic nuclei; it is one neutron away from the
two exotic neutron shell closures, N = 32 and N = 34, and
one proton away from the Z = 20 proton shell closure. In the
magic neighboring nuclei, the energy levels can be regarded as
pure single-particle states [20-22]. The energy level scheme
of 'K and >3K reveal a 3/2~ ground state and a 1/2~ excited
state created by one hole in the 7 d3/, and 7/, orbitals [20],
respectively. On the other hand, in >l Aryg, which has one
proton less than 2K, one finds energy levels of mixed con-
figuration, i.e., single-particle states and collective states [23].
In this paper, we present the spectroscopy of the 32K bound
states populated from one proton and one neutron knockout
reaction.

II. EXPERIMENT

The experiment was carried out at the Radioactive Isotope
Beam Factory of RIKEN operated by the RIKEN Nishina
Center and the Center for Nuclear Study of the University
of Tokyo. A primary beam of "°Zn was impinged on a 10-
mm thick °Be target. The energy of the primary beam was
345 MeV /nucleon with an intensity of 240 pnA. The cock-
tail beam produced by fragmentation was identified event by
event in the BigRIPS spectrometer via a Bp-ToF-AE (mag-
netic rigidity—time of flight—energy loss) method [24,25]. The
beams of 3Ca and K had a purity of 6.5% and 0.4%,

respectively, out of the total cocktail beam and had an intensity
of 12 pps and 0.8 pps, respectively, over 7 d of beamtime.

The MINOS [26] liquid hydrogen target was used for the
proton-induced proton and neutron knockout reactions on the
>3Ca and **K beams, respectively. The target was 15.1(1) cm
long with a density of 73 mg/cm?®. The beam particles lose
~ 100 MeV /nucleon within the target, spanning an energy
range between 170 and 270 MeV /nucleon at the reaction ver-
tex. The protons scattered from the reactions were tracked in
the MINOS time-projection chamber (TPC) which was 30 cm
long, surrounding the liquid hydrogen target. The angular cov-
erage of the MINOS TPC was between 10° and 80° relative
to the reaction vertex, with a reaction vertex reconstruction
resolution of 5 mm full-width at half-maximum (FWHM)
[27]. The reaction vertex was constructed from the track of
the two protons in the case of (p, 2p) reactions and from the
track of the beam and one proton for the (p, pn) reaction.

The DALI2+ [28], 226-Nal(Tl)-scintillators array, was
placed around the MINOS system. DALI2+ was used for
detecting the y rays emitted by the >K fragments after the
knockout reaction. The scintillation array had a full-energy
peak detection efficiency of 20% (prior to add-back correc-
tion), an energy resolution of 10% (FWHM) at 1 MeV, and a
time resolution below 5 ns [28]. DALI2+ covered the angles
between 10° and 130° with respect to the reaction vertex po-
sition. The detectors were calibrated with radioactive sources
(*¥Cs, Y, and ®°Co) and the energy calibration was moni-
tored by source measurements before, after, and twice during
the experiment. The energy threshold of the DALI2+ detec-
tion ranged between 50—-120 keV, evaluated for each crystal
individually. Simulations using the GEANT4 [29] framework
were performed for the response function of the DALI2+
detectors. The simulated spectra were benchmarked on the
radioactive source measurements. A maximum of 5% relative
difference between the experimental and the simulated spectra
was measured and was considered in the systematic uncertain-
ties for cross-section evaluation.

The fragments were further identified in the large-
acceptance SAMURALI [30] spectrometer with a Bp-ToF-AE
method. The SAMURAI magnet was operated with a mag-
netic field of 2.9 T. The particle identification of the beam and
fragments was reached with a separation of 4.7 ¢ and 7.2 o,
respectively, for the atomic number (Z) and 31.4 ¢ and 8.1
o, respectively, for the mass-to-charge ratio (A/Q). The plots
with the particle identification in BigRIPS and SAMURAI are
illustrated in Fig. 1. Together with the particle identification
the velocities of the beam and fragments were also obtained
in the two spectrometers with resolutions %‘3 ~ 10™* and

~1073, respectively. The beam and fragment selection was
done using 4-o cuts for both Z and A/Q. Corrections for
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FIG. 1. The particle identification (PID) for the beam in the Bi-
gRIPS spectrometer (left) and for the fragments in the SAMURAI
spectrometer (right). The vertical axes show the atomic number (Z)
and the horizontal axes show the mass-to-charge ratio (A/Q). The
intensities are plotted with a logarithmic scale. The 3*Ca and %K
beams are marked with black ellipses in the left plot (solid and
dashed lines, respectively) and the *>K fragment is marked with a
black ellipse in the right plot.

the energy loss for the beam (fragment) particles between the
BigRIPS (SAMURALI) spectrometer and the reaction vertex
position were applied. The direction of the beam before the re-
action vertex was obtained using the two beam drift chambers
placed before MINOS and the vertex position information
from MINOS. For the fragment particles, the direction was
determined using the reaction vertex information and the po-
sition information in the fragment drift chamber placed after
MINOS and before the SAMURAI magnet.

The experimental setup also included neutron detectors,
NeuLAND [31] and NEBULA [32], placed at 0° after the
SAMURAI magnet at 11 m and 14 m away, respectively. Neu-
LAND consisted of 400 scintillator bars with the dimension
of 5cm x 5 cm x 250 cm arranged in eight layers with alter-
nating horizontal and vertical directions. NEBULA consisted
of 120 scintillator bars of 12 cm x 12 cm x 180 cm in size,
arranged in two walls of two layers each. The role of the
neutron detection is discussed further in the text.

III. METHODS AND RESULTS

A. Gamma-ray spectroscopy

The (p, 2p) reaction channel was selected by gating on the
33Ca beam, the 2K fragment, and the detection of two protons
in MINOS which come from a reaction vertex within the
target location. The y-ray spectrum for this reaction channel
corrected for the Doppler shift is shown in Fig. 2(a). The
spectrum is shown with a binning of 10 keV and it is fitted by
the simulated response functions of DALI2+ (solid red) and
a double exponential decay background shape (dotted black).
The total fitting function is shown with a solid black line. The
transitions identified in the spectrum have energies of 243(5)
keV, 293(3) keV, and 540(13) keV. For the determination of
the transition energies, the simulated response functions were
shifted in energy and a x? distribution was obtained for a
fitting range around the peak energy. The transition energy
was obtained from the energy at the minimum of the x?
distribution and the uncertainties correspond to the energy
between x2. and x2. + 1. Moreover, the y-ray spectrum
with a multiplicity condition of 1 shows mainly the 293-keV
transition, indicating a direct feeding to the ground state.
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FIG. 2. (a) Doppler-shift-corrected y-ray spectrum for the
3Ca(p, 2p)?K reaction. (b)—(d) y-y coincidence spectra with
the gated transition indicated in the plot. (e) Doppler-shift-
corrected y-ray spectrum for the >*K (p, pn)*K reaction without the
neutron-evaporation subtraction. (f) y-ray spectrum for the neutron-
evaporation events corrected for the neutron detection efficiency. In
the single y-ray spectra (a), (e), (f), the experimental data are fitted
(black line) with the simulated response functions (red line) and
double-exponential decay background shape (dotted black line).

To build the energy level scheme of >K, y-y coincidence
spectra were used and are shown in Fig. 2(b)-2(d). Both the
243-keV and the 540-keV transitions are found in coincidence
with the 293-keV transition. The coincidence spectra when
gating on the 243-keV (c) and the 540-keV (d) transitions
show as well that the three transitions are forming a cas-
cade. The ratio of the 243-keV and 540-keV transitions in
coincidence with the 293-keV transition implies that the 243-
keV transition feeds directly the 293-keV transition. Based
on these observations, we construct the energy level scheme
shown in Fig. 3(a) with the energy levels at 293(3), 536(6),
and 1076(14) keV.

The y-ray spectrum in coincidence with the *K beam,
the 2K fragment, and the detection of one proton in MI-
NOS with a reaction vertex within the target region is shown
in Fig. 2(e) with the same color-coding as for the (p, 2p)
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FIG. 3. The experimental (a) and calculated level scheme of
32K with (b) the SDPF-Umod interaction and (c) based on the
VS-IMSRG with the 1.8/2.0 (EM) interaction. See text for details
about IMSRG(2) and IMSRG(3). The levels populated by s; > proton
knockout from **Ca are colored in red and the levels populated by
ds;, proton knockout are colored in black. The excitation energies
are indicated and given in keV. The neutron separation energy (S,)
of 32K [33] is marked with a grey area.

spectrum. The transitions observed in this case are the
293-keV transition and 243-keV transition, the latter being
significantly weaker. Because the neutron separation energy
of 33K is low (S, = 3229(117) keV [33]), the proton inelastic
scattering followed by neutron evaporation reaction can take
place with the same selection condition as for (p, pn). This
contribution is subtracted in order to obtain a pure (p, pn) re-
action channel. In the (p, pn) reaction, due to the kinematics,
when a proton is detected in the MINOS TPC, the neutron
would be scattered at similar large angles. Because there is no
neutron detection at large angles around the MINOS TPC, the
neutrons from the (p, pn) reactions go undetected. For neu-
tron evaporation, on the other hand, the neutrons are emitted
isotropically in the center of mass which means very forward
angles in the laboratory frame. We can detect the evapo-
rated neutrons in the forward-angle NeuLAND and NEBULA
neutron detectors. The detection efficiency including the ge-
ometrical acceptance and the intrinsic detector efficiency for
the neutron evaporation channel was evaluated to be 39(4)%
with an energy dependence on the relative energy of 2K +n
based on GEANT4 simulations. The y-ray spectrum for the
neutron-evaporation channel after the E..-dependent neutron
efficiency correction is shown in Fig. 2(f).

B. Momentum distributions

The momentum distribution of the fragment relative to
the beam was analyzed to constrain the spin-parity and the
shell-model configuration of the excited energy levels of
32K populated by proton knockout. The momentum distribu-
tions were decomposed in the parallel and the perpendicular

Eex = 1076 keV (a)
TSy

w
o
o

N
o
o

_.
o
\o\ T

Counts / (40 MeV/c)

)
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o
o
o
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> | b N
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2200 ¥ ' &
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s | 5,
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FIG. 4. The momentum distributions of the >K fragments after
the proton knockout from **Ca. The left plots show the parallel
momentum component and the right plots show the perpendicular
momentum component. The experimental data are plotted with black
circles with statistical errors marked with bars and systematic errors
marked with boxes. The experimental resolution is depicted with
dashed grey lines. The DWIA theoretical curves are shown with blue
for the knockout of the ds/, proton and with red for the s;/, proton.
The additional d wave in (a), (b) and s wave in (c)—(f) momentum
distributions are overlapped with the data to highlight the difference
in width.

component with respect to the initial beam direction. The
exclusive momentum distributions were obtained by fitting
the corresponding y-ray spectrum for each 40 -MeV /¢ bin of
the inclusive momentum distribution in the same manner as
shown in Fig. 2(a). The number of events for each populated
state for a specific momentum interval is plotted separately
to obtain the exclusive momentum distributions. The y-ray
spectrum fitting errors are considered for the uncertainty of
the exclusive momentum distributions. The momentum distri-
butions could be obtained only for the 293 keV and 1076 keV
excited state, the statistics being too low for the population
of the 536 keV excited state. The ground-state momentum
distribution is obtained by the subtraction of the excited-
state momentum distributions from the inclusive one. The
resulting momentum distributions are shown in Fig. 4 with
black circles. The statistical and systematic uncertainties are
plotted with lines and boxes, respectively. The resolution in
momentum comes from the uncertainty in the velocity and
directions of the beam and fragment. The momentum resolu-
tion was extracted from the unreacted **Ca beam momentum
distributions, plotted in Fig. 4 (dotted line). A momen-
tum resolution of 48MeV/c was found for the parallel
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component and ~76MeV/c for the perpendicular compo-
nents (1-o value). In the (p, 2p) reaction events, as opposed to
the unreacted events, an additional degradation of momentum
resolution comes from the uncertainty in the reaction vertex
position. This uncertainty affects both the velocity determina-
tion at the reaction vertex and the direction determination of
the beam and fragment. The uncertainty in the momentum due
to the reaction vertex uncertainty is 1.7 MeV /c for the parallel
component and 9.6MeV/c for the perpendicular compo-
nent. For establishing the orbital from which the proton
was knocked out to populate the ground state, the 292-keV
and 1076-keV final states of 2K, the experimental data
were compared to theoretical calculations for the momentum
distributions.

C. DWIA calculations

The single-particle cross sections and momentum distri-
butions were calculated using the distorted-wave impulse
approximation (DWIA) formalism [34-38]. The calculations
were performed using PIKOE [39]. The optical potential for
the incoming and outgoing nucleon scattering waves was
constructed using the folding potential [40], employing the
Melbourne G-matrix NN interaction [41] and the nuclear
densities from Hartree-Fock-Bogoliubov calculations [42]
with the SKM interaction [43]. The NN effective interaction
parametrized by Franey and Love [44] was used for describing
the elementary p-n scattering process and the Mgller factor
[35] was introduced for the Lorentz transformation of the p-n
scattering. The scattering and the bound-state wave functions
were corrected for the nonlocality using the Perey factor [45].
The wave function of the knocked-out proton was calculated
as a bound state of the Woods-Saxon potential. The depth
of the potential was adjusted for the effective proton sepa-
ration energy, the diffuseness parameter was fixed at a value
of 0.67 fm, and the radial parameter was determined using
the experimental momentum distributions. This approach was
already used and demonstrated in Refs. [8,46]. The diffuse-
ness parameter value of 0.67 fm used in this study is based
on the Bohr-Mottelson parametrization [47]. A further study
on varying both the diffuseness and the radial parameters
shows that the one-dimensional variation suffices and does
not impact the results [48]. For finding the optimum radial
parameter for the wave function of each knocked-out pro-
ton we apply the same method described in Ref. [8]. The
optimum radial parameter was found by fitting a set of theo-
retical curves for the momentum distributions calculated for
a set of radial parameters between 0.75 fm and 1.8 fm to
the experimental data. Based on the x? of the fit, probability
distributions were built for the radial parameter from which
the optimum value and the 1-o uncertainty are extracted.
The optimum radial parameter for the mds/, orbital using
the ground state momentum distribution was found to be
ro = 1.549(66) fm, while for the 75y, orbital using the 1076-
keV excited state momentum distribution was found to be
ro = 1.416(160) fm. The root-mean-square radii of the single-
particle proton orbitals extracted using this method are beyond
the scope of this work and will be discussed in a separate
publication [48].

TABLE I. The energy levels (E.,) of K and the occupation
numbers for the neutron (v) and proton (;7) orbitals in the valence
space are listed in the table for the two different theoretical models.
The odd occupation numbers are marked in bold to easily guide the
eye to the 1p-1h states and to identify the first four states of 32K
observed experimentally.

Energy levels Occupation numbers

Ex J* vfin vpsp vpip Vfsp wdsp mwsiyp mwdip

Shell model with SDPF-Umod
0 2- 7.9 3.9 1.0 0.2 6.0 2.0 3.0
443 0~ 7.9 3.8 1.2 0.2 6.0 1.2 3.8
603 1~ 7.9 3.9 1.1 0.2 6.0 1.9 3.1
1100 1; 7.9 3.9 1.0 0.3 6.0 1.2 3.9

VS-IMSRG(2) with 1.8/2.0 (EM)
0 0 78 37 12 03 60 12 38
92 2= 78 39 10 03 60 20 3.1
581 - 78 38 1.1 03 60 18 33
941 1; 78 38 1.0 03 60 13 37

The theoretical momentum curves were convoluted with
the reaction energy profile and with the experimental momen-
tum resolution. The theoretical curves (with the optimum r
parameter) are overlapped with the experimental data in Fig. 4
and are marked with red for s;,, and with blue for the d3,,
proton knockout. The momentum distributions for s-wave and
d-wave partners which do not reproduce the experimental data
are also plotted to highlight the difference in width.

Based on the comparison to theoretical momentum dis-
tributions, the ground state and the 293-keV excited state
are populated via d3,, proton removal, while the 1076-keV
excited state of K is populated by s, /2 proton removal; this
is indicated by different colors in Fig. 3.

D. Shell model and ab initio calculations

We compare the measured spectrum of 2K with the predic-
tions from two theoretical calculations; one is a shell-model
calculation with an effective interaction, and the other is an
ab initio calculation based on two- and three-nucleon forces.

The effective shell model spectrum is computed using the
SDPF-Umod Hamiltonian as in Ref. [20] diagonalized in the
sd-pf valence space for both protons and neutrons and an '°Q
inert core. The calculated energy levels corresponding to the
observed ones are illustrated in Fig. 3 and their occupation
numbers are listed in Table I. One finds a good agreement
between the effective shell model calculations and the exper-
imental level scheme for >2K. The SDPF-Umod interaction
reproduces the E(3/2% — 1/2%) exactly for 3'K [20], while
this calculated quantity is slightly too small for 3K by
300 keV [20]. By extrapolation, we expect that the d3/-51,2
single-particle orbitals effective energy splitting is underes-
timated by the SDPF-Umod interaction by 150 keV. This is
one of the reasons why the calculated 0~ state of 3K is lower
than the experimental value. At the same time, the inversion of
the calculated 0~ and 1~ states as well as the energy splitting
between the pair of states with the same occupation number
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configurations, namely 2717 and 0™ -15, stem from the mul-
tipole recoupling of a d3/, or an sy, proton to a p,, neutron.
Additionally, the spectroscopic factors (C2S) for knocking
out a proton from the 3Ca ground state were calculated and
the following values were found: C2S = 2.352 and 1.303 for
knocking out a d3;, proton and populating the 27 and the
1~ state in >”K, respectively, and C2S = 0.402 and 1.244 for
knocking out an s;,, proton and populating the 0~ and 1,
states of 22K, respectively.

The spectrum of 2K was also computed using the ab initio
valence-space in-medium similarity renormalization group
(VS-IMSRG) [49-52]. The VS-IMSRG aims to solve the
many-body Schrédinger equation starting from inter-nucleon
interactions by computing a unitary transformation U = ¢%
to block-diagonalize the Hamiltonian. This transformation
decouples a valence space from the remaining states in the
Hilbert space, producing an effective valence-space Hamil-
tonian that can be diagonalized using shell model methods.
VS-IMSRG calculations are typically truncated at the normal-
ordered two-body level, the VS-IMSRG(2), but recent work
has extended this truncation to the normal-ordered three-body
level with VS-IMSRG(3)-N” calculations becoming available
[53,54]. The calculations with the VS-IMSRG(2) start from
a Hartree-Fock reference state, decoupling a valence space
with an 220 core and proton sd and neutron fp valence or-
bitals. The 1.8/2.0 (EM) Hamiltonian [55] is used, which has
been shown to give accurate spectra in medium-mass nuclei
[52,56-58]. The calculations are performed in a model space
of 15 major harmonic oscillator shells (e = 2n 4+ [ < emax =
14) with an underlying frequency /iw = 16 MeV. For three-
nucleon forces, an additional three-body truncation is imposed
on three-body states |pgr) such that e, + e, + ¢, < E3pax =
24. The IMSRG++ code [59] is used for the VS-IMSRG cal-
culations and the KSHELL code [60] is used for the final shell
model diagonalization. The obtained energy levels and the
occupation numbers are listed in Table I. A small difference
of 92 keV is found between the predicted energies of the 0~
and 2~ states with a 0~ ground state.

To understand the uncertainties of the VS-IMSRG(2) trun-
cation, we perform VS-IMSRG(3)-N’ calculations.

The induced three-body operators included in the VS-
IMSRG(3) are computationally expensive, so we employ a
restricted model space: we include three-body matrix ele-
ments with single-particle states with 2n 4+ 1 < emax.3p = 4,
including all states with E3pax = 3emax.30 = 12 [61]. We em-
phasize that the model space used is insufficient to fully
converge the effects of three-body operators (which would
require taking epm,x 3 = 14), but serves to give insight into the
sizes of VS-IMSRG(3) corrections to the predicted spectrum.
We find that the level structure is affected by the many-body
truncation. Our unconverged VS-IMSRG(3)-N’ calculations
suggest a strong preference for a 2~ ground state as in the
experiment and a 69-keV excitation energy for the 0~ state.
The energy of the 0~ state is expected to further increase for
fully converged VS-IMRSG(3) calculations. The evolution of
the energy levels from VS-IMSRG(2) to VS-IMSRG(3)-N7 is
shown in Fig. 3.

The first four levels calculated from the effective shell
model and the abinitio VS-IMSRG Hamiltonian are shown

in Fig. 3 together with the experimental energy level scheme.
In all calculations, we observe two energy levels (27 and 17)
obtained by coupling a p;,, neutron with a d3,, proton and
two energy levels (0~ and 17) obtained by coupling a p;,»
neutron with an sy, proton. There is a good agreement (within
0.5 MeV) between the experimental energies of the levels and
the calculated ones. Guided by the calculated energy levels
and the exclusive momentum distributions, the ground state
is assigned J* = 27 and the 293-keV state found experimen-
tally is assigned J™ = 1~. Similarly, the experimentally found
1076-keV excited state is assigned the spin-parity of 1, . The
momentum distribution for the 536-keV final state could not
be analyzed, but based on the analogy with the theoretical
calculations, it is tentatively assigned J” = 07. The calculated
occupation numbers are very similar for the two different
interactions and show the single-particle nature of the states in
32K. To quantify the single-particle nature of the energy levels
experimentally we compare the experimental and theoretical
exclusive cross sections.

E. Exclusive cross sections

The experimental inclusive and exclusive cross-
sections were evaluated for both the (p,2p) and (p, pn)
reaction channels to further confirm the energy level scheme
built for K and to quantify the single-particle nature of
the states. An inclusive cross section of 5.84(39) mb was
obtained for the (p, 2p) reaction with 3.21(43) mb, 1.45(21)
mb, 0.38(10) mb, and 0.81(12) mb for the 27, 17, 0~, and
1, state, respectively, listed in Table II. For the (p, pn)
reaction, an inclusive cross section of 30.6(23) mb was
determined with 20.6(31) mb, 8.5(16) mb, and 1.54(66) mb
for the 27, 17, and O~ state, respectively; these values are
obtained after the subtraction of the neutron evaporation
contribution which amounts to x10% out of the (p, pn)
events and has an inclusive cross section of 3.28(43) mb.
The uncertainties given for the cross sections contain both
statistical and systematic uncertainties. For the systematic
uncertainties, the following were considered: spectrum fitting
systematic uncertainty (10%); DALI2+ efficiency systematic
uncertainty (5%), MINOS efficiency evaluation systematic
uncertainty (6%), and finally, the systematic uncertainty due
to the neutron detection efficiency evaluation (10%) in the
case of the neutron-evaporation cross-section subtraction
only.

Using the optimum 7y values (a) for the single-particle
cross-section calculation with the DWIA, one obtains 1.67 mb
and 1.60 mb for the mds/, and 7sy/, orbitals, respectively.
If one uses the Bohr-Mottelson parametrization [47] with
ro = 1.27 fm (b), the single-particle cross sections become
1.01 mb and 1.17 mb, respectively. The theoretical cross
sections are calculated as the product of the single-particle
cross sections and the spectroscopic factors from the effec-
tive shell model, o™ = af;W’A - C2S. The theoretical inclusive
cross section using the optimum radial parameter is 9.04 mb
and for ro = 1.27 fm is 5.80 mb. The cross sections calculated
for both the optimum r( and o = 1.27 fm are listed in Table II.
We obtain a quenching factor (¢ /o) of 0.66 for the (p, 2p)
inclusive cross section by using the optimum radial parameter.
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TABLE II. The table lists the experimental energy levels (ESP) and the assigned spin-parities (/™) in the first two columns. The next
two columns list the experimental inclusive and exclusive cross sections (af"l';) for the 3Ca(p, 2p)?K reaction and the orbital from which
the proton was knocked out is specified. For each final state, the calculated single-particle cross section (O’S]g,“ilﬁ)) is given together with
the spectroscopic factors (C2S) calculated with the effective interaction SDPF-Umod. The theoretical cross sections, which are obtained
as the product of o'} and C°S, are listed under o', . The calculations using the optimum radial parameter and the default Bohr-Mottelson
parametrization are labeled with (a) and (b), respectively. See text for details. In the last three columns, the relative cross sections, ok, /Oinclusive

are listed. The relative cross sections for the experimental values and for theoretical values with methods (a) and (b) are given for each energy

level of 32K in units of percentages (%). The energies are given in keV and the cross sections are given in mb.

SDp?K_,I]/?, o th » Ratio OE¢ / Oinclusive
EP o —lp o @ ® COSM @ (b o o, @  o", (b
0 2~ ds)n 3.21(43) 1.67 1.01 2.35 4.23 2.56 55(8)% 47% 44%
293(3) 1~ ds; 1.45(21) 1.67 1.01 1.30 2.18 1.32 25(4)% 24% 23%
536(6) ©07) Si/2 0.38(10) 1.60 1.17 0.40 0.64 0.47 7(2)% 7% 8%
1076(14) 1~ Si/2 0.81(12) 1.60 1.17 1.24 1.99 1.46 14(3)% 22% 25%
Inclusive 5.84(39) 9.04 5.80

This finding agrees with the quenching factors for (e, ¢ p)
knockout reactions on stable nuclei [62]. No quenching factor
(Ry = 1.01) is found when the Bohr-Mottelson radial param-
eter is used as in Ref. [20].

The exclusive relative cross sections (0%, /Ginclusive) from
the experiment and theory, (a) and (b), were compared and
are listed in the last three columns of Table II. One finds about
half of the cross section for the ground state, a quarter for
the 17 state, up to 10% for the 0~ state, and up to 25% for
the 15 state. There is an excellent agreement of both (a) and
(b) calculations with the experimental relative exclusive cross
sections; the largest deviation is found for the 15 state, which
in turn affects the ground state values.

The comparison of the (p, 2p) cross sections to the theoret-
ical ones further confirms the spin-parity assignment of the en-
ergy levels of 2K and the single-particle nature of the energy
levels. The (p, pn) cross sections show large values for the
ground state, mainly, and the 293-keV state, for which the pro-
ton orbital occupation of **Ca,, and 32K is similar, while little
or zero cross section for other states with different proton con-
figuration, as expected for the presented level scheme of K.

IV. CONCLUSIONS

The spectroscopy of 32K was investigated via y-ray spec-
troscopy after one-proton (p,2p) and one-neutron (p, pn)
knockout reactions at 2230 MeV /nucleon. Three transitions
were observed in the single y-ray and y-y coincidence spec-
tra. It is shown that K has a 2~ ground state and three
excited states at 293(3) keV (17), 536(6) keV (07), and
1076(14) keV (1;). For the spin-parity assignment, the ex-
perimental exclusive momentum distributions were analyzed
and compared to DWIA calculations. Calculations for the
energy levels scheme were performed with two models, the
shell model with the SDPF-Umod interaction and ab initio
VS-IMSRG(2) with the 1.8/2.0 (EM) interaction. The cal-
culated energies are in agreement (within 0.5 MeV) with
the experimental level scheme and guided the spin-party
assignment. Additionally, the energy level scheme and the
single-particle nature of the states are further confirmed by the

agreement between the experimental and theoretical relative
exclusive cross sections. The energy levels of 2K exhibit a
single-particle nature, dominated by proton excitations of low
energy. In >K, the four energy levels presented in this work
arise from one-particle one-hole configurations, coupling a
P12 neutron to a dzs proton or a sy, proton, respectively,
with the two possible spin orientations. Moreover, we find
in this study that the 51/, and d3,, proton orbitals keep the
normal ordering in >’K, with an energy gap similar to its
neighbors >3K [20].
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