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The shell closure at N = 32 has been investigated by a first spectroscopy of the N = 31 nucleus
49Ar at the Radioactive Isotope Beam Factory. Using the 50Ar(p,pn) reaction channel in inverse
kinematics, 50Ar projectiles at 217 MeV/nucleon impinged on a 150 mm long liquid hydrogen target,
part of the MINOS device. Prompt de-excitation γ rays were measured with the NaI(Tl) array
DALI2+. Reaction products were analyzed with the SAMURAI spectrometer, which allowed the
measurement of the momentum distributions and angular momentum transfer. Data are compared
to state-of-the-art theoretical predictions, including shell model, energy-density functional, and ab
initio calculations. An onset of collectivity is suggested besides the spherical configuration typical
of a closed shell nucleus, such as for 52Ca.

I. INTRODUCTION65

The neutron number N = 28 is considered a magic66

number corresponding, in the standard shell-model pic-67

ture, to a filled neutron ν0f7/2 orbital and a well-defined68

energy gap. For stable nuclei, the main evidence of this69

shell closure is given by 48Ca combining observations70

from mass measurements, γ-ray spectroscopy, or transfer71

measurements [1]. However, shell closures evolve across72

the nuclear chart as a result of the delicate balance be-73

tween the different correlations at play among the nucle-74

ons. For instance, when more proton-deficient N = 2875

isotones are considered, an onset of quadrupole deforma-76

tion is observed for nuclei such as 42Si [2–4] or 40Mg [5].77

In contrast, N = 32 and 34 have been proposed to be78

new magic numbers [6], not observed for stable nuclei,79

corresponding to filled ν1p3/2 and ν1p1/2 orbitals, re-80

spectively.81

Mass excesses for neutron-rich nuclei have been de-82

termined for Ca isotopes [7–9] up to 57Ca. The char-83

acteristic behavior of the two-neutron separation energy84

S2n at a major shell closure - relatively flat below and85

with a sharp decrease over two neutron units beyond - is86

clearly observed, not only at N = 28 but also at N = 3287

for 52Ca. This closure effect, shown by the global ob-88

servable S2n, has been confirmed by the measurements89

of the energy E(2+1 ) of the first 2+ state and the re-90

duced transition probabilities B(E2; 0+1 → 2+1 ). A high91

value of E(2+1 ), compared to the neighboring isotopes,92

was found for 48Ca and 52Ca [10, 11]. This was further93

confirmed by the low values of E(2+1 ) recently measured94

in 56,58Ca [12]. A small B(E2; 0+1 → 2+1 ) value was found95

for 48Ca [13, 14], but is still missing for 52Ca. Unex-96

pected for a closed-shell nucleus, the large increase of97

the 52Ca charge radius [15], compared to 48Ca, is now98

rather assigned to a larger radius of the ν1p3/2 orbital99

and isovector polarizability [16, 17]. Additional converg-100

ing information is provided by the analyses of neutron101

transfer reactions [18, 19]. For 47Ca, the 7/2−1 ground102

state has a large spectroscopic factor C2S, close to the103

2j + 1 limit compatible with a neutron hole state in the104

ν0f7/2 orbital in 48Ca. At the same time, small C2S105

values were found for the 3/2− states, consistent with106

little occupancy of the ν1p3/2 orbital. Such information107

was still missing for 52Ca until a recent analysis of the108

52Ca(p,pn) knockout [16].109

These experimental results are strong enough to estab-110

lish the concept of a shell closure for 48Ca at N = 28,111

and arguably for 52Ca at N = 32. However, such proper-112

ties may not be as robust for light nuclei as they are for113

heavier nuclei where, for instance, N = 82 or 126 magic114

gaps are well established over a large range of atomic115

number Z. For isotopic series with Z > 20, a similar116

- although weakening with increasing Z - behavior has117

been observed for both N = 28 and N = 32 in tita-118

nium and chromium nuclei [20–22], with higher E(2+1 )119

and smaller B(E2; 0+1 → 2+1 ) values.120

The isotopic distributions with Z < 20, such as the121

argon distribution, are less documented since they corre-122

spond to more neutron-rich nuclei. Mass measurements123

have extended the S2n evolution to neutron-rich argon124

isotopes and are consistent with a shell closure at N=125

28 [23, 24]. A low B(E2; 0+1 → 2+1 ) value was also found126

for 46Ar [13, 25]. This value increases for 48Ar [26] but is127

missing for more neutron-rich isotopes. High E(2+1 ) val-128

ues have been determined by in-beam γ-ray spectroscopy129

for 46Ar [13] and 52Ar [27], while E(2+1 ) for 50Ar [28, 29]130

is comparatively reduced. However, the link between131

E(2+1 ) and a shell closure effect may be discussed. In132

shell model calculations performed with the SDPF-MU133

interaction [28], the 2+1 state for 52Ca is understood as a134

neutron excitation ν1p3/2 → ν1p1/2 from a ground state135

dominated by a (ν1p3/2)
4 configuration (about 90%).136

Therefore, in this case, the large value of E(2+1 ) is rep-137

resentative of the N = 32 energy gap. When removing138

two protons, the same calculation predicts for 50Ar mixed139

configurations for the 0+1 , 2+1 , and 4+1 states, such that140

E(2+1 ) is not so cleanly connected to the monopole en-141

ergy gap. Furthermore, the analysis of the neutron pick-142

up at N = 28 46Ar(d,p)47Ar reaction suggests a partial143

occupation of the ν0f7/2 orbital, while the spectroscopic144

factors of the 3/2− states are consistent with a substan-145

tial occupancy of the ν1p3/2 orbital [30]. Going further146

with the quadrupolar degree of freedom, theoretical cal-147

culations such as energy-density functional calculations148

feature shapes away from spherical [31, 32] with compe-149

tition between oblate and prolate minima, when protons150

are removed from Ca isotopes. This results, for example,151
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in a weak oblate minimum predicted for the ground state152

of 46Ar, but a dominant one for 42Si, with a low E(2+1 )153

value measured for the latter [2–4]. The potential energy154

surfaces obtained for the N = 32 isotones 50Ar, 48S, and155

46Si in mean-field calculations with the Gogny effective156

interaction [33–35] are consistent with rather soft nuclei157

against quadrupole deformation.158

To get a better insight into the robustness of the sub-159

shell closure at N = 32, the one-neutron knockout re-160

action 50Ar(p,pn)49Ar has been used to provide infor-161

mation on hole states from the 50Ar core. The aim is162

to determine the excitation energy and cross sections of163

the low-lying states in 49Ar. Experimental data are com-164

pared to state-of-the-art theoretical predictions, includ-165

ing shell model, energy-density functional, and ab initio166

calculations. In particular, the shell model calculations167

also serve as a guideline for the experimental analysis.168

This article is structured as follows. The experimen-169

tal setup is described in Section II. The methods used170

for data analysis are developed in Section III, including171

the determination of momentum distributions and cross172

sections. In the same experiment, a similar analysis has173

been performed on the isotopes 47,49Cl, which was ex-174

tensively described in Ref. [36]. Therefore, here only the175

main features are recalled. A presentation of the experi-176

mental results for 49Ar concludes Section III. Finally, an177

extensive discussion of the experimental findings and the178

theoretical calculations is the object of Section IV.179

II. EXPERIMENTAL SETUP180

The experiment was performed at the Radioactive181

Isotope Beam Factory (RIBF), operated jointly by the182

RIKEN Nishina Center and the Center for Nuclear Study183

of the University of Tokyo. A 70Zn beam was accelerated184

up to 345 MeV/nucleon for the production of a mixed sec-185

ondary beam, including the 50Ar beam, selected with the186

help of the BigRIPS separator [37] and identified with the187

magnetic rigidity Bρ, energy loss ∆E, and time of flight188

TOF measurements [38]. Within the MINOS setup [39],189

a 151(1) mm thick liquid hydrogen target was used to190

compensate for the low-intensity beams.191

The incident energy at the entrance (exit) of the sec-192

ondary target was ∼247 (∼184) MeV/nucleon, with an193

intensity of 2.9 particles/s for 50Ar. The scattered ions194

were analyzed with the SAMURAI large acceptance spec-195

trometer [40] behind the secondary target and identified196

by the mass-over-charge ratio A/Q and the atomic num-197

ber Z. The unambiguous separation of the different pro-198

jectiles and residues is shown in Fig. 1. Prompt gamma-199

rays emitted at the MINOS target were detected with200

the DALI2+ array [41], composed of 226 NaI(Tl) detec-201

tors in a compact geometry. The target was surrounded202

by the cylindrical time-projection chamber of the MINOS203

setup [39], which was used for the determination of the204

reaction vertex and the Doppler-shift correction. The en-205

ergy calibration of the DALI2+ array and the procedure206
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FIG. 1. Particle identification with the mass over charge ra-
tio number A/Q and atomic number Z: (left) beam particle
identification at BigRIPS before the target; (right) residue
particle identification downstream the secondary target from
the large acceptance SAMURAI spectrometer. 50Ar and 49Ar
in front and behind the MINOS secondary target are shown
by the red ellipses.

for Doppler-shift correction due to in-flight emission are207

given in Ref. [36].208

III. SPECTROSCOPY OF 49Ar209

Different reaction channels have been used to study210

the bound states in 49Ar below the one-neutron sepa-211

ration energy Sn = 2780 (400) keV [42]: i) 50Ar(p,pn)212

which is expected to populate single particle states by213

one-neutron knockout from the 50Ar core; ii) 51K(p,2pn)214

with a more complex reaction mechanism possibly popu-215

lating states at higher spin and higher excitation energy;216

iii) inelastic scattering 49Ar(p,p’) which favors the exci-217

tation of collective states from the ground state. The cor-218

responding Doppler-corrected energy spectra are shown219

in Fig. 2(a) and (b) after subtraction of a low-energy220

background component. This subtraction explained in221

Ref. [36], was also applied here since a low-energy tran-222

sition was observed in 49Ar at 198 keV: The low-energy223

bremsstrahlung component from the 49Ar(p,p) scattering224

is normalized and subtracted in the spectra, except for225

the same channel in Fig. 2(c). Then, the single spectra226

were reproduced by a combination of response functions227

for transitions and a two-component exponential back-228

ground with fitted amplitudes.229

A. 50Ar(p,pn)49Ar230

In a shell-model picture, the one-neutron knockout re-231

action is expected to populate states in 49Ar, which have232

a sizable overlap with the neutron-hole configurations233

(ν1p3/2)
−1 and (ν0f7/2)

−1, assuming these orbitals to234
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be filled in the N = 32 isotope 50Ar. For a closed-shell235

nucleus, the ν1p1/2 orbital should be nearly empty, re-236

sulting in a weak population of 1/2− states in this direct237

reaction.238
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FIG. 2. Doppler-corrected γ-ray spectra of 49Ar obtained
from a) one-neutron knockout 50Ar(p,pn), b) the more
complex 51K(p,2pn) reaction and c) inelastic scattering
49Ar(p,p’). Spectra in a) and b) are obtained after subtrac-
tion of a low-energy bremsstrahlung component (see text).
Experimental data (points) are fitted by a combination (black
line) of five simulated DALI2+ response functions (red con-
tinuous lines) and a two-component exponential background
(red dashed line).

The one-neutron knockout spectrum in Fig. 2a) dis-239

plays an intense peak at 198 keV and a broad structure240

between 900 and 1600 keV on top of the background.241

There is no strong evidence for another transition at242

higher energy. The broad structure is reproduced mainly243

by three response functions corresponding to transitions244

at 1050, 1340, and 1466 keV.245

γ − γ correlations have also been examined with gates246

corresponding to the main transitions observed in the247

singles spectrum. No clear coincidence was observed in248

this first step. Then, a different procedure was used249

to determine a possible coincidence with the 198 keV250

transition due to the complex underlying Compton back-251

ground. A moving gate was applied over the whole en-252

ergy spectrum while searching for the 198 keV transition253

and a significant coincidence with a confidence level of254

5.5 σ was found for the energy gate [1180,1320] keV as255

shown in Fig. 3(a). Due to fluctuations, no other transi-256

tion could be significantly identified. No coincidence was257

found for gates at higher energies, dominated by the 1340258

and 1466 keV transitions. An other spectrum is shown259

in Fig. 3(b) corresponding to the gates just below and260

above the [1180,1320] gate.261

This is an indication of a possible coincidence between262

the transitions at 188 and 1266 keV, the latter being not263

clearly visible in the singles spectrum due to the over-264

whelming 1340 keV transition nearby. The summed en-265

ergy of the coincidence is 1464 keV, consistent with the266

observed transition at 1466(21) keV. So it was included267

for the fits of the singles spectra of Fig. 2, even if its268

weight was dominated by the 1340 keV transition. Ad-269

ditionally, this 1266 keV transition was useful for repro-270

ducing the left side of the wide bump around 1300 keV.271
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FIG. 3. Doppler-corrected γ-ray spectra of 49Ar obtained
from the one-neutron knockout 50Ar(p,pn) a) gated by the
[1180,1320] range in Fig. 2 a) which maximizes the ratio of
the response function corresponding to the 1266 keV tran-
sition over other transitions; b) gated by the energy ranges
just below and above which maximizes the background due
to other transitions.

The overlap of the Compton spectra included in the272

different response functions was sufficient to reproduce273

correctly the energy range between 200 and 900 keV with-274

out evidence for another strong transition.275

Finally, the simplest reproduction of the histogram276

shown in Fig. 2 (a) was obtained by a combination of re-277

sponse functions at 198(3), 1050(29), 1266(41), 1340(14),278

and 1466(21) keV, on top of a two-component exponen-279

tial background.280

The inelastic scattering 50Ar(p,p’) can populate col-281

lective states in 50Ar above the one-neutron separation282

energy Sn = 4210 keV, which will decay and popu-283

late low lying states in 49Ar. In the previous analysis,284

this contribution cannot be distinguished from the di-285

rect one-neutron removal reaction channel, except for the286
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neutron emitted at a very forward angle and detected287

with the NEULAND demonstrator [43] and the NEB-288

ULA array [44]. Similar analyses were already performed289

in [16, 45] and the contribution was subtracted from the290

cross sections below.291

B. Other reaction channels292

TABLE I. Transitions observed in Fig. 2 for the two dif-
ferent reaction channels 50Ar(p,pn)49Ar and 51K(p,2pn)49Ar:
Excitation energy E∗, detection-efficiency corrected intensity
Ii and intensity ratios normalized to the 1050 and 1340 keV
transitions.

50Ar(p,pn)49Ar 51K(p,2pn)49Ar

E∗ Ii/10
3 Ii

I1340

Ii
I1050

Ii/10
3 Ii

I1340

Ii
I1050

(keV)

198(3) 1.68(9) 0.65(6) 3.55 3.51(15) 0.40(2) 0.60
1050(29) 0.47(11) 0.18(4) 1. 5.84(24) 0.67(4) 1.
1266(41) 0.75(17) 0.29(7) 1.59 1.42(29) 0.16(3) 0.24
1340(14) 2.58(19) 1. 5.45 8.73(33) 1. 1.50
1466(21) 1.22(14) 0.47(7) 2.58 1.02(22) 0.12(3) 0.17

293

A similar analysis has been performed for the294

51K(p,2pn)49Ar channel in Fig. 2(b), using the response295

functions with the same centroid energies obtained for296

the 50Ar(p,pn)49Ar reaction. They were sufficient to re-297

produce the experimental spectrum, with no evidence of298

another strong transition.299

Compared to the intensity of the 1340 keV transition,300

one observes an intensity reduction of the 1466 keV tran-301

sition and a strong intensity enhancement of the 1050 keV302

transition. This enhancement is consistent with the de-303

cay of a state which would be less populated in the direct304

neutron knockout, due to a small overlap with a neutron-305

hole configuration, than in a more complex reaction chan-306

nel favoring a population of higher spin or higher-lying307

states. The intensity ratios Ii/I1050 are shown in Tab. I.308

The four other transitions are clearly enhanced in the309

one-neutron knockout. There was no evidence of a tran-310

sition in coincidence with the 1050 keV transition.311

The inelastic scattering channel 49Ar(p,p’) is shown in312

Fig. 2 (c). In order to display all the statistics for high-313

energy photons, the vertex reconstruction was not used314

here. The low-energy background subtraction procedure315

with the unreacted beam, used for all the other chan-316

nels, could not be applied in this case. In spite of the317

dominance of the low energy component below 500 keV318

and low statistics above, there is evidence for γ rays with319

energies larger than 800 keV. We see that two response320

functions corresponding to the transitions at 1340 and321

1466 keV observed previously may explain the high en-322

ergy part around 1400 keV. The region between 700 and323

1200 keV is more uncertain due to either (i) a possible tail324

of the low-energy background not fully reproduced, (ii)325

the contribution of the transition at 1050 keV, or (iii)326

decays of unresolved collective states populated in the327

scattering. At this step, we can only say that these tran-328

sitions originate from the decay of states populated by329

collective nuclear excitations from the ground state. An330

example is proposed in the shell model calculation using331

the SDPF-MUs interaction [46] with the 3/2−1 → 7/2−1332

excitation and the largest value B(E2) ↑ = 103 e2fm4
333

obtained for E2 excitation from the 3/2−1 ground state.334

Finally, with limited statistics, the minimal assumption335

of three response functions at 1050, 1340, and 1466 keV336

over the low-energy background is enough to reproduce337

data in Fig. 2(c).338

C. Momentum distributions339

Due to the large acceptance of the magnetic spectrom-340

eter SAMURAI, most of the charged reaction products341

and unreacted beams were measured in the detectors342

used for the reconstruction of momentum distributions,343

as explained in Ref. [36]. The exclusive parallel (PMD)344

and transverse px (TMD) momentum distributions are345

seen in Fig. 4 with a 40 MeV/c binning corresponding to346

the experimental resolution. For each bin, the amplitudes347

of the response functions from Fig. 2 (a) were determined.348

Then, the distributions were normalized through the ex-349

perimental cross sections associated with these transi-350

tions. For each transition, there is an underlying Comp-351

ton background in the spectrum from higher-lying re-352

sponse functions and from other unresolved transitions.353

It may introduce some uncertainty on the intensity of the354

momentum bin due to possible contributions from other355

ℓ-values, especially for the lowest-energy transitions, such356

as the 198 keV transition. Due to the limited statistics,357

momentum distributions could only be determined for358

the most intense transitions at 198 and 1340 keV.359

For the one neutron knockout channel, these distri-360

butions are sensitive to the orbital angular momentum361

ℓ of the knocked-out nucleon and can be compared362

to distributions obtained from various reaction models.363

Besides the popular choice of distorted-wave-impulse-364

approximation (DWIA) [48, 49], we also used the transfer365

to continuum method (TC) [47], as shown in Fig. 4 for p366

and f waves, with very similar results. The slight asym-367

metry observed in parallel momentum distributions is a368

phase space effect due to energy and momentum conser-369

vation [50].370

371

The distributions (a) and (c) obtained for the 198 keV372

transition are consistent with an ℓ = 1 knocked-out neu-373

tron, narrower than the ℓ = 3 distribution, in spite of374

weak possible ℓ-background. With only the ℓ value, it375

was not possible to determine the spin-parity of a 198376
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FIG. 4. Momentum distributions of 49Ar ejectiles following the one-neutron knockout reaction: a) and b) PMD in coincidence
with the 198 and 1340 keV transitions measured in DALI2+; c) and d) TMD in coincidence with the 198 and 1340 keV
transitions. Data are compared to calculations with the TC [47] and DWIA [48] methods for ℓ = 1 and ℓ = 3 waves after
convolution with the experimental resolution.

TABLE II. Comparison between experimental results and theoretical predictions derived from shell-model calculations with the
SDPF-MUs interaction [46] for the one-neutron knockout reaction 50Ar(p,pn). The excitation energies Eexp, cross sections σexp,
and angular momentum transfer ∆ℓ for the listed states in 49Ar are deduced from the experiment. Theoretical cross sections
σth,i are obtained from Eq. (1), using the calculated C2S spectroscopic factors and single-particle cross sections σlj

sp(E
∗, Einc)

from the TC [47] and DWIA [48] methods. The states are listed up to the estimated one-neutron separation energy 2780(400)
keV [42]. The last three rows compare the total inclusive cross section σinc to the sum of exclusive experimental cross sections∑

σex
i and the sum of theoretical cross sections

∑
σth,i.

Experiment σlj
sp(E

∗, Einc) SDPF-MUs

Eexp σexp ∆ℓ nlj σTC σDW State Energy
C2S

σth,TC σth,DWIA

(keV) (mb) (mb) (mb) (keV) (mb) (mb)

gs <17(3) 1p3/2 7.4 7.94 3/2−
1 gs 1.844 13.64 14.64

198(3) 3.0(9) 1 1p1/2 7.2 7.53 1/2−
1 94 0.616 4.43 4.64

1050(29) 1.5(3) 5.8 4.69 5/2−
1 923 0.006 0.03 0.03

1340(14) 8.3(7) 3 0f7/2 6.1 5.52 7/2−
1 983 2.564 15.64 14.15

1466(21) 6.3(10) 1p3/2 6.4 7.15 3/2−
2 1197 0.678 4.34 4.85

0f5/2 5.9 4.59 5/2−
2 1460 0.233 1.37 1.07

0f5/2 5.7 4.49 5/2−
3 2096 0.019 0.11 0.08

1p3/2 5.7 4.47 3/2−
3 2184 0.029 0.16 0.13

9/2−
1 2267 0.

0f7/2 5.9 5.21 7/2−
2 2317 0.050 0.29 0.26

1p1/2 5.8 6.22 1/2−
2 2529 0.017 0.10 0.11

0f7/2 5.8 5.14 7/2−
3 2702 0.262 1.52 1.35

1p3/2 5.85 6.37 3/2−
4 2870 0.191 1.12 1.22

9/2−
2 3044 0.

1p1/2 1/2−
3 3094 0.000

σinc 36.3 (9)
∑

σth,i 42.75 42.53∑
σex
exp,i 19.1(18)

keV state, either 3/2− or 1/2−, while the theoretical cal-377

culations all give energies of the ground and first excited378

states very close to each other. At variance, the wider379

distributions (b) and (d) obtained for the 1340 keV tran-380

sition agreed well with an ℓ = 3 angular momentum,381

consistent with the large spectroscopic factor and cross382

section calculated for the 7/2−1 state in Table II . These383

angular momentum assignments have also been tested384

with a Bayesian analysis [51]. We find that the log10385

scaled Bayes factors are always log10(B10) > 8 1 such386

1 Bayes factors provide decisive evidence for one model when com-
pared to another model if their log10(B10) is larger than 2.
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FIG. 5. Level scheme of 49Ar with excitation energies expressed in keV. Experimental results (right) are obtained from the
analyses of Fig. 2. They are compared to the theoretical calculations developed in the text: from right to left, shell-model
calculations performed with the SDPF-MUs and the original SDPF-MU interactions, energy-density functional calculations
including states obtained from QRPA (dashed lines), IMSRG calculation with the EM 1.8/2.0 interaction and GGF calculation
with the NN + 3N(lnl) interaction; 50Ar is shown on the right side with the latest E(2+1 ) value taken from [29].

that a p-wave character is preferred over an f -wave in387

the 198 keV state distributions; in the 1340-keV state388

distributions, an f -wave over p-wave with log10(B10) >389

6, which quantitatively supports the ℓ assignment.390

For the ground state, we calculate momentum distribu-391

tions from the difference between the inclusive distribu-392

tion and the sum of contributions from the most intense393

transitions at 198 and 1340 keV due to the lack of statis-394

tics in each bin for other contributions. The resulting395

distributions do not allow to conclude between a pure396

ℓ = 1 nor ℓ = 3 character. However, as shown further,397

all theoretical calculations predict ℓ = 1 for the ground398

state of 49Ar.399

D. Level scheme400

Based on these observations, a tentative level scheme401

for 49Ar is proposed in Fig.5.402

Except for the ℓ = 1 value of the first excited state,403

there is no direct experimental information for the spin-404

parity assignment of the ground and first excited state.405

Compared to theoretical calculations, they are consistent406

with a spin-parity of either 1/2−1 or 3/2−1 .407

On the basis of momentum distributions, the most in-408

tense transition at 1340 keV is assigned to the decay409

of the 7/2− state, either by E2 transition to 3/2− or410

E4(M3) to 1/2−. The prompt character of the observed411

transition is in favor of a E2 transition. Since the inten-412

sity of the 1340 keV transition is much larger than the413

one of the 198 keV transition, we conclude for a direct414

decay by E2 transition from a level at 1340 keV to the415

3/2−1 ground state, as shown in Fig.5. The first excited416

state at 198 keV is proposed to be of spin-parity 1/2−1 .417

The 1466 keV transition is proposed to be a direct de-418

cay to the ground state from the 3/2−2 state, present419

in theoretical calculations with a single particle char-420

acter. A decay to the first excited 1/2−1 state is pro-421

posed through 1266 keV transition. The branching ratio422

obtained from the intensity ratio of the two transitions423

I1466/I1266 is expected to be the same in the two differ-424

ent reaction channels, one neutron knockout and multi-425

nucleon removal. Due to the overwhelming transition at426

1340 keV, there is a strong uncertainty on the intensity427

of the transition at 1266 keV, which could partly explain428

the difference of 1.6(4) for the one neutron knockout and429

0.7(2) for the other channel, when the amplitude of re-430

sponse functions are free parameters of the fit. Alter-431

natively, a ratio fixed to 1.6 could also provides a good432

reproduction of Fig.2 (b) with only a small increase of433

the χ2 value. Unresolved small contributions - possibly434

coming from cascade decays of 5/2−2 or 7/2−3 - might also435

play a role that calls for a better gamma-ray energy res-436

olution.437

For the last transition observed at 1050 keV, we have438

no strong experimental proposition, except that the the-439
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oretical calculations predict a 5/2−1 state at nearby exci-440

tation energy and quite a small spectroscopic factor. It441

is consistent with a weak direct population in the one-442

neutron knockout, while it could be fed by unresolved443

high spin states populated in the multi-nucleon removal,444

such as the 5/2−2 state.445

E. Cross sections446

Inclusive and exclusive cross sections have been calcu-447

lated using the same prescriptions detailed in Ref. [36].448

The only difference comes from the value of the effi-449

ciency for the detection of one proton in the MINOS450

setup εMINOS = 0.71(2), which has been used here for451

the 50Ar(p,pn) channel. This value is consistent with452

other (p,pn) analyses with the MINOS setup, such as453

in [16, 45].454

Before subtraction, the contribution from the inelastic455

scattering channel 50Ar(p,p’)50Ar decaying to 49Ar was456

determined to be 4.8% of the total events, predominantly457

in the population of states leading to the 198 keV (6.4%),458

1050 keV (15.5%), and 1340 keV (3.9%) transitions.459

Intensity values of 5.4(3), 1.5(3), 2.4(5), 8.3(7), and460

3.9(5) mb were determined for the 198, 1050, 1266, 1340,461

and 1466 keV transitions, respectively. According to the462

level scheme shown in Fig. 5, we obtained the experi-463

mental exclusive cross sections σexp for the direct popu-464

lation of states in the 50Ar(p,pn)49Ar knockout displayed465

in Tab. II.466

Due to the Doppler shift, the transition at 198 keV467

spreads downwards in energy for detectors placed in the468

backward direction in the laboratory frame. The possi-469

ble impact of the energy threshold has been checked by470

selecting a set of detectors corresponding to the three471

first layers in the forward direction of DALI2+, as shown472

in Ref. [52]. The obtained cross sections are compared473

to values for the full ensemble of DALI2+: 5.39(33) and474

4.99(38) mb for the transition at 198 keV, respectively.475

The same was done for the transition at 1340 keV with476

8.26(66) and 7.39(72) mb. There is no evidence of an477

impact within the error bars and no difference with the478

1340 keV transition for which no impact is expected.479

Experimental values are compared to the results of480

cross section calculations σex
i (E∗) for excitation energies481

E∗ at a given incident energy Einc following482

σex
i (E∗) =

∑
l,j

C2Si
l,j . σlj

sp(E
∗, Einc) (1)

where the theoretical spectroscopic factors C2Si
l,j483

are multiplied by the single particle cross sections484

σlj
sp(E

∗, Einc) obtained in a reaction model. Here, they485

were calculated with the TC [47] and DWIA [48] meth-486

ods at 217 MeV/nucleon, which corresponds to the mid-487

target energy for 50Ar projectiles. Values are given in488

Tab. II and used in the calculation of σth for the pre-489

dicted states below the one-neutron separation energy.490

An overall agreement is observed with experimental val-491

ues, except for the large value predicted for the popula-492

tion of the 7/2−1 state, which possibly suggests a smaller493

spectroscopic factor.494

The inclusive cross section was determined to be σinc495

= 36.3(9) mb. The cross section to populate the ground496

state was calculated as the difference between the in-497

clusive cross section and the sum of the exclusive cross498

sections for transitions known to feed the ground state.499

This prescription is valid as long as the feeding from500

unresolved higher-lying states is negligible. This is a501

first-order approximation, reasonable considering the low502

value of the one-neutron separation energy Sn. However,503

in the list of higher-lying states predicted in the SDPF-504

MUs calculation, states such as 5/2−2 or 7/2−3 could505

partly populate the ground state with non-identified506

weak transitions. Therefore, the result of 17.2 mb has507

to be considered as an upper limit for σgs.508

Overall consistency may be tested through the reduc-509

tion factor Rs = σinc /
∑

σth,i, using the spectroscopic510

factor predictions of a shell model routinely used in this511

region like SDPF-MUs calculation in Tab. II. The value512

Rs = 0.85(2) is found with the TC and DWIA reaction513

models, which places 50Ar(p,pn) (∆S = -17.8 MeV) in514

the general trend observed for the one nucleon knockout515

reactions (see Ref. [53] and Fig.2 in Ref. [54]).516

IV. DISCUSSION517

In the following, the N = 32 neutron number is in-518

vestigated for 50Ar, together with the reference nucleus519

52Ca. Properties of the even-even nuclei, as well as the520

N − 1 ones obtained from the one-neutron knockout, are521

discussed with the help of different theoretical methods.522

First, shell-model calculations were performed using523

different versions of the SDPF-MU interaction, which524

were tuned to reproduce data in this mass region. Ad-525

ditional insight on excited states and the quadrupole526

deformation degree of freedom is then provided via527

Hartree-Fock-Bogoliubov (HFB) calculations based on528

the D1M parametrization [55] of the Gogny effective in-529

teraction [56]. Finally, new results from valence-space530

and full-space ab initio approaches are also provided to531

complete the theoretical analysis. Some of these theo-532

retical tools were already employed in Ref. [36], where533

details about the computational schemes can be found.534

The computed low-lying spectra using these methods535

are displayed in Fig. 5. Other theoretical results are536

shown in Figs. 6-8, while numerical values are given in537

Tables III to VI in the text and in the Appendix.538

539

540
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FIG. 6. Spectroscopic factor ||⟨A−1X + n ∥AX⟩||2 distributions for (a) 1/2−, (b) 3/2− and (c) 7/2− states in 49Ar (red) and
51Ca (blue) obtained in the shell-model calculation with the SDPF-MUs interaction [46]. The dashed line corresponds to the
maximal occupancy 2j + 1 of the corresponding neutron orbitals ν1p3/2 and ν0f7/2 in an independent particle model (IPM).

TABLE III. Neutron content Nν of the different fp orbitals in
the gs wave function of 52Ca and 50Ar obtained in the shell-
model calculation using the SDPF-MUs interaction.

Nν(nlj)
52Ca 50Ar

ν0f7/2 7.95 7.61
ν0f5/2 0.13 0.41
ν1p3/2 3.76 3.28
ν1p1/2 0.17 0.70

TABLE IV. 0p0h and 2p2h components of the wave function
for the lowest two 0+ of 52Ca and 50Ar, obtained in the shell-
model calculation using the SDPF-MU interaction.

Energy 0p0h 2p2h
(keV) % %

52Ca 0+1 gs 87.1 12.4
52Ca 0+2 4007 7.3 88.9
50Ar 0+1 gs 54.0 28.8
50Ar 0+2 2412 25.4 58.5

A. Shell-model calculations541

The shell-model calculations were performed with the542

SDPF-MUs interaction, which was derived from the orig-543

inal SDPF-MU interaction [57] and tuned to improve the544

results for K and Ca isotopes [46]. This tuning was useful545

to reproduce the excitation energy of the first 2+ state546

in argon isotopes up to 52Ar [27]. However, the level547

scheme in Fig.5 is better reproduced with the original548

SDPF-MU interaction. A slightly larger compression is549

observed with SDPF-MUs, with nevertheless the same550

level ordering.551

In a shell-model picture, one would expect, for a closed-552

shell nucleus at N = 32 in a spherical configuration, the553

ν0f7/2 and ν1p3/2 orbitals to be filled and ν1p1/2 and554

ν0f5/2 orbitals to be empty. The numerical values for555

the neutron content Nν of the 52Ca and 50Ar orbitals are556

displayed in Tab. III. The ν1p3/2 and ν0f7/2 orbitals are557

slightly emptied in 50Ar compared to the closed shell iso-558

tone 52Ca, with a corresponding increase for the ν1p1/2559

and ν0f5/2 orbitals. The relative effect is quite strong560

for ν1p1/2. This change is not driven by the monopole561

gap between the ν1p3/2 and ν1p1/2 orbitals which do not562

significantly change from one nucleus to the other, as al-563

ready mentioned in Ref. [28]. At the same time, more564

mixing is predicted in Tab. IV for the wave function of565

the 50Ar ground state, compared to 52Ca. The SDPF-566

MU calculation in Ref. [29] also predicts for 50Ar a ra-567

tio E(4+1 )/E(2+1 ) = 2.05, consistent with a vibrational568

character. This is the first indication of collective effects569

present in 50Ar.570

The one neutron knockout 50Ar(p,pn) is a good tool to571

test the persistence of the shell effect observed at N = 32572

on 52Ca, as recently obtained for 52Ca(p,pn) [16]. With-573

out correlations, the occupancy number should be found574

at 2j + 1 for fully-occupied orbitals and 0 for empty575

ones. The spectroscopic factor C2S distributions cal-576

culated for the low-lying 1/2−, 3/2−and 7/2− states in577

49Ar and 51Ca are shown in Fig.6.578

3/2−states579
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The C2S value for the 3/2−1 ground state in 51Ca is580

very close to the 2j + 1 value, which is a signature of581

a single-particle character with a strong overlap with a582

neutron hole in the ν1p3/2 orbital in 52Ca. In 49Ar and583

in spite of the high excitation energy range, the sum584 ∑
i(C

2S)i = 3.19 is still lower than the value for 3/2−1 in585

51Ca, with evidence for a fragmentation of the distribu-586

tion. The shell model calculation predicts a 3/2−1 ground587

state for 49Ar. It also predicts a 3/2−2 state at 1197 keV588

with a significant spectroscopic factor, which we assume589

to be consistent with the 1466 keV state in Fig. 5 and590

the measured cross sections. Higher-lying states are also591

predicted, such as 3/2−4 at 2870 keV very close to the592

estimated Sn value. If not unbound, they will be part of593

the feeding to lower-lying states.594

1/2−states595

The 1/2−1 state in 51Ca has a large excitation energy at596

about 1.5 MeV and a small spectroscopic factor. This is597

consistent with a weak population of the ν1p1/2 orbital598

in 52Ca, such as the removal of a 1p1/2 neutron from599

a (ν1p3/2)
2(ν1p1/2)

2 configuration with a small weight600

in the 52Ca wave function and a large ν1p3/2 − ν1p1/2601

spherical gap. This is what is expected for a closed shell602

nucleus at N = 32 in the shell model framework. A very603

different conclusion may be drawn for 49Ar. The energy604

difference between the ground and the first excited state605

is found to be quite small in many calculations. The606

shell model calculation with the SDPF-MUs interaction607

predicts the 1/2−1 state at 94 keV. A comparably small608

value is obtained with the original SDPF-MU interac-609

tion. Whereas the C2S value for 3/2−1 , although large, is610

well reduced compared to the 51Ca case, the C2S value611

for 1/2−1 significantly increases from 51Ca to 49Ar. The612

experimental cross section measured for the first excited613

state in 49Ar, assumed to be 1/2−1 , is consistent with the614

large value C2S calculated with the SDPF-MUs interac-615

tion in Tab. II. Both the low excitation energy and the616

substantial C2S value of the 1/2−1 state are clear indica-617

tions of collective effects present in 49Ar.618

5/2−states619

A 5/2−1 state is found in most of the calculations620

around 1 MeV, which supports the assumption of such a621

state at 1050 keV in Fig. 5. It is weakly populated in the622

neutron knockout reaction, as expected from the small623

value of the spectroscopic factor displayed in Tab. V. A624

large value B(E2; 5/2−1 → 1/2−1 ) = 177 e2fm4 is also625

predicted.626

7/2−states627

Here again 51Ca and 49Ar are found to be quite628

different. There is mainly one low-lying 7/2− state629

in 51Ca, around 3 MeV with a large C2S value, very630

close to the 2j + 1 limit in Fig. 6 (c). This strong631

overlap is consistent with a neutron hole in the ν0f7/2632

orbital in 52Ca. In 49Ar, in spite of the high excitation633

energy range, the sum
∑

i(C
2S)i = 6.95 is still lower634

than the value for 7/2−1 in 51Ca, with evidence for a635

fragmentation of the distribution. Two states, 7/2−1636

and 7/2−4 , have a large C2S value. The origin of the637

0
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FIG. 7. Potential energy surfaces energy EHFB versus the
quadrupole deformation parameter β for argon a) and calcium
b) isotopes obtained from HFB calculations based on the D1M
parametrisation [55] of the Gogny effective interaction [56].
The curves are shifted by 2 MeV from each other in order
to allow superposition; (c) HFB + blocking calculations (see
text) for the lowest-lying states of 49Ar at a given spin-parity
1/2−, 3/2−, 5/2−, 7/2− and 9/2+.

calculated 7/2−4 state can be easily understood since638

its excitation energy is predicted to be 3245 keV, very639

similar to the value obtained for 7/2−1 in 51Ca. It can640

therefore be associated with the neutron removal from641

the spherical ν0f7/2 orbital. The excitation energy of642

such a state is well above the one-neutron separation643

energy Sn. This calls for invariant mass reconstruction,644
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which will not be discussed here.645

646

The 7/2−1 state seems more complex, with a low647

excitation energy E∗ = 983 keV and a large value648

B(E2; 7/2−1 → 3/2−1 ) = 144.2 e2fm4 to the ground state.649

In the shell-model framework, it is tempting to link it650

with a more complex neutron configuration in 50Ar, in-651

volving some ν(1p3/2)
2(1p1/2)

2 components compared to652

ν(1p3/2)
4, already encountered for the population of the653

1/2−1 state. Its energy is also close to the 2+1 state exci-654

tation energy in 50Ar, which suggests a vibrational com-655

ponent for a state built on the 3/2−1 ground state.656

With small C2S values, the 7/2−2 and 7/2−3 states are657

weakly populated in the one-neutron knock-out. More-658

over, they do not directly decay to the ground state, feed-659

ing states at lower excitation energy in a complex decay660

pattern.661

B. Energy-density functional calculations662

The analysis is complemented with results of energy-663

density functional calculations based on the D1M664

parametrization [55] of the Gogny effective interac-665

tion [56]. The potential energy surfaces (PES) are shown666

in Fig. 7 for calcium and argon isotopes. While the cal-667

cium isotopes are found to be spherical, PES are much668

softer for argon isotopes and a trend towards oblate de-669

formation is observed, favored by the gain in energy670

for the 3/2+[202] proton orbital, as observed in Fig. 8671

(left panel). This results in a competition between the672

spherical minimum and an oblate configuration around673

β ≃ −0.2. At the mean-field level, permanent oblate de-674

formation is predicted for 48Ar, but 50Ar remains spher-675

ical.676

In the present HFB calculations assuming axial sym-677

metry around the z-axis, the low-lying states in 49Ar678

are described within the blocking approximation by a679

one-quasiparticle (qp) excitation on top of a qp vacuum.680

Along the binding energy minimization process, the oc-681

cupation probability of the one-qp orbital is imposed.682

This orbital is selected according to its quantum num-683

bers and numbering by its qp energy, i.e., with respect to684

the Fermi level. Odd-A HFB states with spin-parity Jπ685

are obtained by selecting qp orbitals with angular mo-686

mentum projection and parity Kπ = Jπ. On top of the687

HFB with K blocking calculations, vibrational states are688

described within a consistent QRPA approach. More de-689

tails can be found concerning the HFB and HFB+QRPA690

approaches in Refs. [58, 59] for the treatment of odd sys-691

tems. The minimization of the lowest energy states with692

parity 1/2− to 7/2− and 9/2+ versus the quadrupole de-693

formation is shown in Fig.7.694

The D1M mean-field ground state is obtained by block-695

ing on the first K=1/2 quasi-particle orbital, with a soft696

oblate minimum at β = −0.15. It is consistent with697

the neutron knockout from the valence orbital 1/2−[321]698

in 50Ar at moderate oblate deformation. Here again,699

the 1/2−1 and 3/2−1 states are very close to each other,700

but 3/2−1 is found as nearly spherical excited state at 70701

keV. The next 3/2− state is found by blocking at much702

higher energy around 3350 keV. Therefore, the experi-703

mental 3/2−2 state at 1466 keV seems to be more consis-704

tent with a collective state, at about the same energy as705

the 2+1 state in 50Ar.706

Blocking the first K = 5/2 qp orbital, the 5/2−1 state707

is found at 1590 keV above the 1/2− HFB minimum and708

an oblate deformation β = −0.20. It is partly associ-709

ated to the K=5/2 orbital of ν0f5/2 parentage, 5/2−[303]710

in Fig. 8 (right panel), which is strongly favored by the711

oblate deformation. Another origin could be a collective712

state, such as a vibrational K = 2 state built on top of713

the 1/2−1 state.714

Blocking the K=7/2 qp orbital, no 7/2− state is ob-715

tained below 3 MeV. The first 7/2− state is found at716

3650 keV with a small prolate deformation β2 = +0.1.717

It is closely related to the 7/2−[303] orbital, with a718

nearly pure wave function. This suggests that the ex-719

perimental 7/2−1 state at 1340 keV in Fig. 5 could partly720

be a vibrational one. From QRPA calculations per-721

formed for phonons acting on the odd QRPA ground722

state J = 3/2−, the experimental state might be a mix-723

ing of the three QRPA states obtained for the K = 0,724

1 and 2 phonons, the main component being the QRPA725

state for the K =0 at 1775 keV.726

This discussion, based on shell model calculations as727

well as an energy-density functional approach, is consis-728

tent with a sharp transition from a spherical configura-729

tion at N = 32 when protons are removed from 52Ca730

to 50Ar. A low-lying 1/2− state in 49Ar, as well as 7/2−731

and 3/2− states at excitation energies close to the first 2+1732

state in 50Ar, may be assigned to the existence of collec-733

tive effects. This evolution is now also been investigated734

with the help of recently developed ab initio approaches.735

C. Ab initio calculations736

Ab initio calculations were performed in the context of737

the valence-space in-medium similarity renormalization738

group (VS-IMSRG) [60] and the self-consistent Gorkov739

Green’s function (GGF) [61, 62] approaches.740

In the VS-IMSRG approach, the sd and the full741

pf shells above a 28O core were considered for proton742

and neutron valence spaces, respectively. Three-nucleon743

forces between valence nucleons were captured via en-744

semble normal ordering [63]. Calculations were per-745

formed within 15 major oscillator shells, whereas an ad-746

ditional cut on three-nucleon configurations was intro-747

duced at E3max = 24 [64]. The spectroscopic factors748

were computed with the bare annihilation operators, al-749

though ideally, they should be evolved consistently with750

the Hamiltonian. The consistent evolution would change751

the spectroscopic factor by roughly 10% [65]. The two752
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FIG. 8. Energy of the proton (left) and neutron (right) orbitals versus the quadrupole deformation β parameter in 50Ar
obtained from Hartree-Fock-Bogoliubov (HFB) calculations based on the D1M parametrisation [55] of the Gogny effective
interaction [56]. The orbitals discussed in the text are labeled with the usual Nilsson parameters K[N,nz,Λ]. The black dots
stand for the Fermi level. The red arrow is placed at β = −0.15.

plus three-nucleon 1.8/2.0 EM interaction [66] was em-753

ployed throughout the study.754

VS-IMSRG predictions for low-lying states are similar755

to the ones from the SDPF-MUs calculation, with two756

main exceptions. First, a less compressed level scheme is757

found for 49Ar, as visible from Fig. 5. Moreover, a spin758

inversion for the ground state (1/2−1 instead of 3/2−1 ) is759

predicted, although the two states are very close to each760

other in excitation energy. This spin inversion is also ob-761

served in VS-IMSRG calculations performed with other762

interactions, such as ∆NNLOGO [67] or NN+3N(lnl) [68].763

GGF calculations were performed in the A-body764

Hilbert space truncated to 14 major oscillator shells,765

with a further cut on three-nucleon matrix elements im-766

posed by E3max = 16. Although the latter is smaller767

than the one introduced in VS-IMSRG calculations, it is768

sufficient to converge all relevant observables. Two dif-769

ferent interactions were employed, namely NNLOsat [69]770

and NN + 3N(lnl) [68]. As for the other theoretical ap-771

proaches, the properties of the low-lying states in 51Ca772

suggest that 52Ca is a closed-shell nucleus: i) large C2S773

values close to the 2j+1 limit for the 3/2−1 ground state774

and 7/2− fragment found at high excitation energy for775

both interactions; ii) the first 1/2− state appears at high776

excitation energy, especially with NNLOsat, and has very777

small C2S values.778

In contrast, corresponding results for 49Ar point to the779

emergence of a qualitatively different picture. The C2S780

values for the main 3/2− and 7/2− states decrease, al-781

though the change is quantitatively different with the two782

interactions. While the reduction is significant (around783

30%) for NN +3N(lnl), only a ∼ 5−10% decrease is ob-784

served for NNLOsat. This is presumably due to the fact785

that the former interaction predicts consistently smaller786

0d3/2 − 1s1/2 proton gaps, hence favoring more fragmen-787

tation in spite of being sensibly more perturbative of788

NNLOsat. Contrarily to valence-space calculations, here,789

the energy of the 7/2− state changes by only a few hun-790

dred keV, and a component below 1 MeV is not observed791

for this angular momentum. Importantly, together with792

the reduction of spectroscopic factors, a low-energy 1/2−793

state appears with both interactions. In addition, the794

energy of the first 5/2− state is lowered by more than 1795

MeV. These features all signal an increase of collectivity796

in 49Ar.797

Altogether, the changes observed in GGF calculations798

when going from 51Ca to 49Ar are consistent with shell799

model results and point to the deterioration of the N =800

32 gap in argon. The quantitative differences emerging in801

the two sets of results are very likely due to the missing802
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collective degrees of freedom (i.e., lack of deformation803

and low truncation in the particle-hole expansion) in the804

GGF approach.805

V. CONCLUSIONS806

In summary, the one neutron knock-out 50Ar(p,pn) re-807

action was studied in inverse kinematics on a thick liquid808

hydrogen target at about 217 MeV/u. The spectroscopy809

of 49Ar was obtained by fast in-beam γ-ray measurements810

with the help of the DALI2+ array for transitions from811

low-lying bound states. A first level scheme could be pro-812

posed for 49Ar, with tentative assignment of spin parities813

for the 1/2−1 and 7/2−1 excited states.814

The resulting low-energy spectroscopy of 49Ar and815

cross sections, in addition to the spectroscopic factors816

obtained in theoretical calculations, are consistent with817

a description more complex than that used for 51Ca, as818

illustrated by the PES in HFB calculations. While a819

spherical configuration, expected from the N = 32 shell820

closure, is still present in 49Ar for some states (such as821

the 3/2−1 ground state or the 7/2−4 state in the SDPF-822

MUs calculation), one also observes the onset of collective823

effects consistent with quadrupolar deformation or vibra-824

tion. In particular, this is manifested by the low excita-825

tion energy and substantial C2S values of the 1/2−1 state.826

Interestingly, this collective character is not driven by a827

reduction of the N = 32 gap, which roughly remains con-828

stant when going from calcium to argon. Ab initio calcu-829

lations also consistently predict an increase of collectivity830

in 49Ar as compared to 51Ca. This is indicated by the831

appearance of low-energy states in the excitation spec-832

trum as well as a signifcantly more fragmented strength833

in argon. In the future, it will be interesting to further834

investigate these findings in the 48S isotone, for which835

the proton valence orbital from π1s1/2 parentage has a836

very different dependence on quadrupole deformation.837

838

839

VI. APPENDIX840

Tab. V and VI are displayed the numerical values of841

the excitation energies and spectroscopic factors for the842

states populated in the one-neutron knockout from 50Ar843

and 52Ca obtained in the theoretical calculations given844

in the main text.845
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TABLE V. Spin Jπ, excitation energies E∗ and spectroscopic factors ||⟨A+1X - n ∥AX⟩||2 for levels of 49Ar and 51Ca obtained
in shell-model calculation with the SDPF-MUs interaction and VS-IMSRG calculation with the 1.8/2.0 (EM) interaction [66].

SM (SDPF-MUs) VS-IMSRG (1.8/2.0 EM)
49Ar 51Ca 49Ar 51Ca

State E∗ C2S E∗ C2S E∗ C2S E∗ C2S

(keV) (keV) (keV) (keV)

3/2−
1 gs 1.84 gs 3.57 155 1.37 gs 3.69

1/2−
1 94 0.62 1552 0.14 gs 0.94 2025 0.09

5/2−
1 923 <0.01 2298 <0.01 1150 <0.01 2068 0.00

7/2−
1 983 2.56 3374 7.56 1852 1.89 4197 7.59

3/2−
2 1197 0.68 2893 0.09 1439 0.91 3081 0.06

7/2−
2 2317 0.05 4622 0.07 3271 0.09

TABLE VI. Spin Jπ, excitation energies E∗ and spectroscopic factors ||⟨A+1X - n ∥AX⟩||2 for levels of 49Ar and 51Ca obtained
in GGF calculations with the NN + 3N(lnl) and NNLOsat. interactions. Here we select states for which the spectroscopic
factor is larger than 0.01.

GGF (NN + 3N(lnl)) GGF (NNLOsat)
49Ar 51Ca 49Ar 51Ca

State E∗ C2S E∗ C2S E∗ C2S E∗ C2S

(keV) (keV) (keV) (keV)

3/2− gs 2.68 gs 3.36 gs 3.17 gs 3.34
1/2− 180 0.22 1610 <0.01 330 0.02 3060 0.03
5/2− 440 0.10 1628 <0.01 1890 <0.01 2980 <0.01
7/2− 3590 0.10 3020 0.02 2480 0.48 4152 0.02
3/2− 3620 0.01 1740 0.02 2690 0.02 3010 0.03
7/2− 4390 3.64 3720 6.75 3980 5.59 4660 6.05
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