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The shell closure at N = 32 has been investigated by a first spectroscopy of the N = 31 nucleus
Y9 Ar at the Radioactive Isotope Beam Factory. Using the °Ar(p,pn) reaction channel in inverse
kinematics, °Ar projectiles at 217 MeV /nucleon impinged on a 150 mm long liquid hydrogen target,
part of the MINOS device. Prompt de-excitation 7 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 2Ca.

I. INTRODUCTION

The neutron number N = 28 is considered a magic
number corresponding, in the standard shell-model pic-
ture, to a filled neutron v0f7/5 orbital and a well-defined
energy gap. For stable nuclei, the main evidence of this
shell closure is given by #¥Ca combining observations
from mass measurements, y-ray spectroscopy, or transfer
measurements [1]. However, shell closures evolve across
the nuclear chart as a result of the delicate balance be-
tween the different correlations at play among the nucle-
ons. For instance, when more proton-deficient N = 28
isotones are considered, an onset of quadrupole deforma-
tion is observed for nuclei such as *?Si [2-4] or 4°Mg [5].
In contrast, N = 32 and 34 have been proposed to be
new magic numbers [6], not observed for stable nuclei,
corresponding to filled v1ps,, and vlp,,, orbitals, re-
spectively.

Mass excesses for neutron-rich nuclei have been de-
termined for Ca isotopes [7-9] up to 57Ca. The char-
acteristic behavior of the two-neutron separation energy
Son at a major shell closure - relatively flat below and
with a sharp decrease over two neutron units beyond - is
clearly observed, not only at N = 28 but also at N = 32
for 52Ca. This closure effect, shown by the global ob-
servable Ss,, has been confirmed by the measurements
of the energy E(2]) of the first 2% state and the re-
duced transition probabilities B(E2;0{ — 27). A high
value of E(21+), compared to the neighboring isotopes,
was found for *®Ca and ®?Ca [10, 11|. This was further
confirmed by the low values of E(2]) recently measured
in °6:58Ca [12]. A small B(E2;0{ — 2{) value was found
for ¥¥Ca [13, 14], but is still missing for *?Ca. Unex-
pected for a closed-shell nucleus, the large increase of
the 52Ca charge radius [15], compared to “8Ca, is now
rather assigned to a larger radius of the v1psz/, orbital
and isovector polarizability [16, 17]. Additional converg-
ing information is provided by the analyses of neutron
transfer reactions [18, 19]. For 4"Ca, the 7/2] ground
state has a large spectroscopic factor C2S, close to the
2j + 1 limit compatible with a neutron hole state in the
v0f7/5 orbital in **Ca. At the same time, small C2S
values were found for the 3/27 states, consistent with
little occupancy of the v1psz/, orbital. Such information
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was still missing for ®2Ca until a recent analysis of the
2Ca(p,pn) knockout [16].

These experimental results are strong enough to estab-
lish the concept of a shell closure for ¥*Ca at N = 28,
and arguably for °2Ca at N = 32. However, such proper-
ties may not be as robust for light nuclei as they are for
heavier nuclei where, for instance, N = 82 or 126 magic
gaps are well established over a large range of atomic
number Z. For isotopic series with Z > 20, a similar
- although weakening with increasing Z - behavior has
been observed for both N = 28 and N = 32 in tita-
nium and chromium nuclei [20-22], with higher E(2])
and smaller B(E2;0{ — 27) values.

The isotopic distributions with Z < 20, such as the
argon distribution, are less documented since they corre-
spond to more neutron-rich nuclei. Mass measurements
have extended the Ss, evolution to neutron-rich argon
isotopes and are consistent with a shell closure at N=
28 23, 24]. A low B(E2;0{ — 2{) value was also found
for 46 Ar [13, 25]. This value increases for “8Ar [26] but is
missing for more neutron-rich isotopes. High F (21+) val-
ues have been determined by in-beam ~-ray spectroscopy
for 46 Ar [13] and ®2Ar [27], while E(2]) for ®°Ar [28, 29]
is comparatively reduced. However, the link between
E(27) and a shell closure effect may be discussed. In
shell model calculations performed with the SDPF-MU
interaction [28], the 2] state for °2Ca is understood as a
neutron excitation v1ps/; — vlpy /o from a ground state
dominated by a (vlps/2)* configuration (about 90%).
Therefore, in this case, the large value of E(2]) is rep-
resentative of the N = 32 energy gap. When removing
two protons, the same calculation predicts for °° Ar mixed
configurations for the 0f, 2, and 4] states, such that
E(27) is not so cleanly connected to the monopole en-
ergy gap. Furthermore, the analysis of the neutron pick-
up at N = 28 46Ar(d,p)*"Ar reaction suggests a partial
occupation of the v0f7 /5 orbital, while the spectroscopic
factors of the 3/2~ states are consistent with a substan-
tial occupancy of the v1ps/, orbital [30]. Going further
with the quadrupolar degree of freedom, theoretical cal-
culations such as energy-density functional calculations
feature shapes away from spherical [31, 32] with compe-
tition between oblate and prolate minima, when protons
are removed from Ca isotopes. This results, for example,
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in a weak oblate minimum predicted for the ground state
of 46Ar, but a dominant one for 42Si, with a low E(2])
value measured for the latter [2-4|. The potential energy
surfaces obtained for the N = 32 isotones °°Ar, 483, and
46Si in mean-field calculations with the Gogny effective
interaction [33-35] are consistent with rather soft nuclei
against quadrupole deformation.

To get a better insight into the robustness of the sub-
shell closure at N = 32, the one-neutron knockout re-
action 5YAr(p,pn)*?Ar has been used to provide infor-
mation on hole states from the °°Ar core. The aim is
to determine the excitation energy and cross sections of
the low-lying states in °Ar. Experimental data are com-
pared to state-of-the-art theoretical predictions, includ-
ing shell model, energy-density functional, and ab initio
calculations. In particular, the shell model calculations
also serve as a guideline for the experimental analysis.

This article is structured as follows. The experimen-
tal setup is described in Section II. The methods used
for data analysis are developed in Section III, including
the determination of momentum distributions and cross
sections. In the same experiment, a similar analysis has
been performed on the isotopes *7*°Cl, which was ex-
tensively described in Ref. [36]. Therefore, here only the
main features are recalled. A presentation of the experi-
mental results for 4 Ar concludes Section III. Finally, an
extensive discussion of the experimental findings and the
theoretical calculations is the object of Section IV.

II. EXPERIMENTAL SETUP

The experiment was performed at the Radioactive
Isotope Beam Factory (RIBF), operated jointly by the
RIKEN Nishina Center and the Center for Nuclear Study
of the University of Tokyo. A "°Zn beam was accelerated
up to 345 MeV /nucleon for the production of a mixed sec-
ondary beam, including the *°Ar beam, selected with the
help of the BigRIPS separator [37] and identified with the
magnetic rigidity Bp, energy loss AFE, and time of flight
TOF measurements [38]. Within the MINOS setup [39],
a 151(1) mm thick liquid hydrogen target was used to
compensate for the low-intensity beams.

The incident energy at the entrance (exit) of the sec-
ondary target was ~247 (~184) MeV /nucleon, with an
intensity of 2.9 particles/s for ®*°Ar. The scattered ions
were analyzed with the SAMURAI large acceptance spec-
trometer [40] behind the secondary target and identified
by the mass-over-charge ratio A/Q and the atomic num-
ber Z. The unambiguous separation of the different pro-
jectiles and residues is shown in Fig. 1. Prompt gamma-
rays emitted at the MINOS target were detected with
the DALI2" array [41], composed of 226 Nal(T1) detec-
tors in a compact geometry. The target was surrounded
by the cylindrical time-projection chamber of the MINOS
setup [39], which was used for the determination of the
reaction vertex and the Doppler-shift correction. The en-
ergy calibration of the DALI2" array and the procedure
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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. *°Ar and *°Ar
in front and behind the MINOS secondary target are shown
by the red ellipses.

for Doppler-shift correction due to in-flight emission are
given in Ref. [36].

III. SPECTROSCOPY OF “Ar

Different reaction channels have been used to study
the bound states in “°Ar below the one-neutron sepa-
ration energy S, = 2780 (400) keV [42]: i) 5°Ar(p,pn)
which is expected to populate single particle states by
one-neutron knockout from the 5°Ar core; ii) *'K(p,2pn)
with a more complex reaction mechanism possibly popu-
lating states at higher spin and higher excitation energy;
iii) inelastic scattering *° Ar(p,p’) which favors the exci-
tation of collective states from the ground state. The cor-
responding Doppler-corrected energy spectra are shown
in Fig. 2(a) and (b) after subtraction of a low-energy
background component. This subtraction explained in
Ref. [36], was also applied here since a low-energy tran-
sition was observed in *°Ar at 198 keV: The low-energy
bremsstrahlung component from the *° Ar(p,p) scattering
is normalized and subtracted in the spectra, except for
the same channel in Fig. 2(c). Then, the single spectra
were reproduced by a combination of response functions
for transitions and a two-component exponential back-
ground with fitted amplitudes.

A. °Ar(p,pn)*Ar

In a shell-model picture, the one-neutron knockout re-
action is expected to populate states in *° Ar, which have
a sizable overlap with the neutron-hole configurations
(v1ps2)~t and (v0f7/2)"", assuming these orbitals to



235

be filled in the N = 32 isotope °°Ar. For a closed-shell

23 nucleus, the v1p,/, orbital should be nearly empty, re-

2 sulting in a weak population of 1/27 states in this direct

28 reaction.

10°¢ (@) *°Ar(p,pn)*°Ar

10°

10

10°

Counts / 10 keV

102 *

10§
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10
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il 1

2000
E (keV)

1000

FIG. 2. Doppler-corrected ~-ray spectra of **Ar obtained
from a) one-neutron knockout °°Ar(p,pn), b) the more
complex °'K(p,2pn) reaction and c) inelastic scattering
“Ar(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).

20 The one-neutron knockout spectrum in Fig. 2a) dis-
plays an intense peak at 198 keV and a broad structure
between 900 and 1600 keV on top of the background.
There is no strong evidence for another transition at
higher energy. The broad structure is reproduced mainly
by three response functions corresponding to transitions
at 1050, 1340, and 1466 keV.

v — ~ correlations have also been examined with gates
corresponding to the main transitions observed in the
singles spectrum. No clear coincidence was observed in
this first step. Then, a different procedure was used
»0 to determine a possible coincidence with the 198 keV
»s1 transition due to the complex underlying Compton back-
»2 ground. A moving gate was applied over the whole en-
23 ergy spectrum while searching for the 198 keV transition
»s and a significant coincidence with a confidence level of
255 5.5 0 was found for the energy gate [1180,1320] keV as
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26 shown in Fig. 3(a). Due to fluctuations, no other transi-
tion could be significantly identified. No coincidence was
found for gates at higher energies, dominated by the 1340
and 1466 keV transitions. An other spectrum is shown
in Fig. 3(b) corresponding to the gates just below and
above the [1180,1320] gate.

This is an indication of a possible coincidence between
the transitions at 188 and 1266 keV, the latter being not
clearly visible in the singles spectrum due to the over-
whelming 1340 keV transition nearby. The summed en-
ergy of the coincidence is 1464 keV, consistent with the
observed transition at 1466(21) keV. So it was included
for the fits of the singles spectra of Fig. 2, even if its
weight was dominated by the 1340 keV transition. Ad-
a0 ditionally, this 1266 keV transition was useful for repro-
an ducing the left side of the wide bump around 1300 keV.
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FIG. 3. Doppler-corrected v-ray spectra of *°Ar obtained
from the one-neutron knockout °Ar(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 the
different response functions was sufficient to reproduce
correctly the energy range between 200 and 900 keV with-
out evidence for another strong transition.

Finally, the simplest reproduction of the histogram
shown in Fig. 2 (a) was obtained by a combination of re-
sponse functions at 198(3), 1050(29), 1266(41), 1340(14),
o and 1466(21) keV, on top of a two-component exponen-
tial background.

The inelastic scattering °°Ar(p,p’) can populate col-
22 lective states in °°Ar above the one-neutron separation
23 energy S, = 4210 keV, which will decay and popu-
2 late low lying states in 4°Ar. In the previous analysis,
25 this contribution cannot be distinguished from the di-
28 rect one-neutron removal reaction channel, except for the
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neutron emitted at a very forward angle and detected
with the NEULAND demonstrator [43] and the NEB-
ULA array [44]. Similar analyses were already performed
in [16, 45] and the contribution was subtracted from the
cross sections below.

B. Other reaction channels

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

S0 Ar(p,pn)?°Ar 5K (p,2pn)* Ar

B Ii/103 11[3140 11{)150 Ii/103 11[3.140 11{:50
(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

A similar analysis has been performed for the
51K (p,2pn)*?Ar channel in Fig. 2(b), using the response
functions with the same centroid energies obtained for
the 59Ar(p,pn)*? Ar reaction. They were sufficient to re-
produce the experimental spectrum, with no evidence of
another strong transition.

Compared to the intensity of the 1340 keV transition,
one observes an intensity reduction of the 1466 keV tran-
sition and a strong intensity enhancement of the 1050 keV
transition. This enhancement is consistent with the de-
cay of a state which would be less populated in the direct
neutron knockout, due to a small overlap with a neutron-
hole configuration, than in a more complex reaction chan-
nel favoring a population of higher spin or higher-lying
states. The intensity ratios I;/I 50 are shown in Tab. L.
The four other transitions are clearly enhanced in the
one-neutron knockout. There was no evidence of a tran-
sition in coincidence with the 1050 keV transition.

The inelastic scattering channel °Ar(p,p’) is shown in
Fig. 2 (c). In order to display all the statistics for high-
energy photons, the vertex reconstruction was not used
here. The low-energy background subtraction procedure
with the unreacted beam, used for all the other chan-
nels, could not be applied in this case. In spite of the
dominance of the low energy component below 500 keV
and low statistics above, there is evidence for 7y rays with
energies larger than 800 keV. We see that two response
functions corresponding to the transitions at 1340 and
1466 keV observed previously may explain the high en-
ergy part around 1400 keV. The region between 700 and
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1200 keV is more uncertain due to either (i) a possible tail
of the low-energy background not fully reproduced, (i7)
the contribution of the transition at 1050 keV, or (i)
decays of unresolved collective states populated in the
scattering. At this step, we can only say that these tran-
sitions originate from the decay of states populated by
collective nuclear excitations from the ground state. An
example is proposed in the shell model calculation using
the SDPF-MUs interaction [46] with the 3/2] — 7/2]
excitation and the largest value B(E2) T = 103 €2 fm?
obtained for E2 excitation from the 3/2] ground state.
Finally, with limited statistics, the minimal assumption
of three response functions at 1050, 1340, and 1466 keV
over the low-energy background is enough to reproduce
data in Fig. 2(c).

C. Momentum distributions

Due to the large acceptance of the magnetic spectrom-
eter SAMURALI, most of the charged reaction products
and unreacted beams were measured in the detectors
used for the reconstruction of momentum distributions,
as explained in Ref. [36]. The exclusive parallel (PMD)
and transverse p, (TMD) momentum distributions are
seen in Fig. 4 with a 40 MeV /¢ binning corresponding to
the experimental resolution. For each bin, the amplitudes
of the response functions from Fig. 2 (a) were determined.
Then, the distributions were normalized through the ex-
perimental cross sections associated with these transi-
tions. For each transition, there is an underlying Comp-
ton background in the spectrum from higher-lying re-
sponse functions and from other unresolved transitions.
It may introduce some uncertainty on the intensity of the
momentum bin due to possible contributions from other
{-values, especially for the lowest-energy transitions, such
as the 198 keV transition. Due to the limited statistics,
momentum distributions could only be determined for
the most intense transitions at 198 and 1340 keV.

For the one neutron knockout channel, these distri-
butions are sensitive to the orbital angular momentum
£ of the knocked-out nucleon and can be compared
to distributions obtained from various reaction models.
Besides the popular choice of distorted-wave-impulse-
approximation (DWIA) [48, 49], we also used the transfer
to continuum method (TC) [47], as shown in Fig. 4 for p
and f waves, with very similar results. The slight asym-
metry observed in parallel momentum distributions is a
phase space effect due to energy and momentum conser-
vation [50].

The distributions (a) and (c) obtained for the 198 keV
transition are consistent with an ¢ = 1 knocked-out neu-
tron, narrower than the ¢ = 3 distribution, in spite of
weak possible f-background. With only the ¢ value, it
was not possible to determine the spin-parity of a 198
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FIG. 4. Momentum distributions of *°Ar 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 £ = 1 and ¢ = 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-MUj interaction [46] for the one-neutron knockout reaction °® Ar(p,pn). The excitation energies Eecyp, cross sections oezp,
and angular momentum transfer A¢ for the listed states in “°Ar are deduced from the experiment. Theoretical cross sections
oth.i are obtained from Eq. (1), using the calculated C*S spectroscopic factors and single-particle cross sections alsjz',(E*7 Eine)
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 oinc to the sum of exclusive experimental cross sections
> of® and the sum of theoretical cross sections Y oip ;.

Experiment o9 (E*, Binc) SDPF-MUs
Eexp Ceap Al nlj orc opw State Energy 2 Oth,TC Oth,DWIA

(keV) (mb) (mb) (mb) (keV) (mb) (mb)
gs <17(3) 1ps /o 7.4 7.94 3/27 gs 1.844 13.64 14.64
198(3) 3.0(9) 1 1p1 /2 7.2 7.53 1/27 94 0.616 4.43 4.64
1050(29) 1.5(3) 5.8 4.69 5/27 923 0.006 0.03 0.03
1340(14) 8.3(7) 3 0f7/2 6.1 5.52 7/27 983 2.564 15.64 14.15
1466(21) 6.3(10) 1p3/o 6.4 7.15 3/25 1197 0.678 4.34 4.85
0fs/2 5.9 4.59 5/25 1460 0.233 1.37 1.07
0fs/2 5.7 4.49 5/235 2096 0.019 0.11 0.08
1p3/2 5.7 4.47 3/23 2184 0.029 0.16 0.13

9/27 2267 0.
0f7/2 5.9 5.21 7/25 2317 0.050 0.29 0.26
1p1/2 5.8 6.22 1/25 2529 0.017 0.10 0.11
0f7/2 5.8 5.14 7/25 2702 0.262 1.52 1.35
1pa/2 5.85 6.37 3/2, 2870 0.191 1.12 1.22

9/25 3044 0.

1p1/2 1/25 3094 0.000

Tine 36.3 (9) S Oini 42.75 42.53

Yo, 19.1(18)

keV state, either 3/27 or 1/27, while the theoretical cal- 3 angular momentum assignments have also been tested
culations all give energies of the ground and first excited s with a Bayesian analysis [51]. We find that the logjg
states very close to each other. At variance, the wider s scaled Bayes factors are always logio(Big) > 8 ! such
distributions (b) and (d) obtained for the 1340 keV tran-
sition agreed well with an ¢ = 3 angular momentum,
consistent with the large spectroscopic factor and cross
section calculated for the 7/27 state in Table IT . These

1 Bayes factors provide decisive evidence for one model when com-
pared to another model if their logio(Bio) is larger than 2.



387

38

o

38

©

39

3

391

39.

IN]

39

@

39

X

39!

&

39

=3

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

4390 7/2-
2780(400)======= Sin
2224 5/2-
2124 ————— 512 2096 5/2
1913 5/2- /
1832 7/2-  1845-————- 712
/ 1590 5/2- e
&0 d
1501 -——-- - . ABRONLO” )
1439 3/2- %0 312" 1460 5/2 1466 > (312)
1367 312 1340 712y
1150 5/2- 1197 3z o 1180——2
1076 712" AP
983 7/2- 1051 5/2- 1050 (5/2)
923 5/2-
440 52
271 112 \9?21/2)
. . 198 -
180 1127 145 312 - - 94 11
— 3 /2" — 1 - — 1 [D- — 3 [- — 30" 312y
GGF IMSRG HFB+QRPA SDPF-MUgq SDPF-MU 4SAr Exp. S0Ar

FIG. 5. Level scheme of **Ar 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
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that a p-wave character is preferred over an f-wave in
the 198 keV state distributions; in the 1340-keV state
distributions, an f-wave over p-wave with logio(B1g) >
6, which quantitatively supports the ¢ assignment.

For the ground state, we calculate momentum distribu-
tions from the difference between the inclusive distribu-
tion and the sum of contributions from the most intense
transitions at 198 and 1340 keV due to the lack of statis-
tics in each bin for other contributions. The resulting
distributions do not allow to conclude between a pure
¢ =1 nor £ = 3 character. However, as shown further,
all theoretical calculations predict £ = 1 for the ground
state of “°Ar.

D. Level scheme

Based on these observations, a tentative level scheme
for 49Ar is proposed in Fig.5.

Except for the ¢ = 1 value of the first excited state,
there is no direct experimental information for the spin-
parity assignment of the ground and first excited state.
Compared to theoretical calculations, they are consistent
with a spin-parity of either 1/2] or 3/2; .

On the basis of momentum distributions, the most in-
tense transition at 1340 keV is assigned to the decay
of the 7/2~ state, either by E2 transition to 3/2~ or
E4(M3) to 1/27. The prompt character of the observed
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transition is in favor of a E2 transition. Since the inten-
sity of the 1340 keV transition is much larger than the
one of the 198 keV transition, we conclude for a direct
decay by E2 transition from a level at 1340 keV to the
3/27 ground state, as shown in Fig.5. The first excited
state at 198 keV is proposed to be of spin-parity 1/2] .

The 1466 keV transition is proposed to be a direct de-
cay to the ground state from the 3/2; state, present
in theoretical calculations with a single particle char-
acter. A decay to the first excited 1/2] state is pro-
posed through 1266 keV transition. The branching ratio
obtained from the intensity ratio of the two transitions
L1466/ 1266 is expected to be the same in the two differ-
ent reaction channels, one neutron knockout and multi-
nucleon removal. Due to the overwhelming transition at
1340 keV, there is a strong uncertainty on the intensity
of the transition at 1266 keV, which could partly explain
the difference of 1.6(4) for the one neutron knockout and
0.7(2) for the other channel, when the amplitude of re-
sponse functions are free parameters of the fit. Alter-
natively, a ratio fixed to 1.6 could also provides a good
reproduction of Fig.2 (b) with only a small increase of
the x? value. Unresolved small contributions - possibly
coming from cascade decays of 5/25 or 7/23 - might also
play a role that calls for a better gamma-ray energy res-
olution.

For the last transition observed at 1050 keV, we have
no strong experimental proposition, except that the the-
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oretical calculations predict a 5/2] state at nearby exci-
tation energy and quite a small spectroscopic factor. It
is consistent with a weak direct population in the one-
neutron knockout, while it could be fed by unresolved
high spin states populated in the multi-nucleon removal,
such as the 5/25 state.

E. Cross sections

Inclusive and exclusive cross sections have been calcu-
lated using the same prescriptions detailed in Ref. [36].
The only difference comes from the value of the effi-
ciency for the detection of one proton in the MINOS
setup eprrvos = 0.71(2), which has been used here for
the "9Ar(p,pn) channel. This value is consistent with
other (p,pn) analyses with the MINOS setup, such as
in [16, 45].

Before subtraction, the contribution from the inelastic
scattering channel *°Ar(p,p’)°°Ar decaying to °Ar was
determined to be 4.8% of the total events, predominantly
in the population of states leading to the 198 keV (6.4%),
1050 keV (15.5%), and 1340 keV (3.9%) transitions.

Intensity values of 5.4(3), 1.5(3), 2.4(5), 8.3(7), and
3.9(5) mb were determined for the 198, 1050, 1266, 1340,
and 1466 keV transitions, respectively. According to the
level scheme shown in Fig. 5, we obtained the experi-
mental exclusive cross sections oy, for the direct popu-
lation of states in the 59 Ar(p,pn)* Ar knockout displayed
in Tab. II.

Due to the Doppler shift, the transition at 198 keV
spreads downwards in energy for detectors placed in the
backward direction in the laboratory frame. The possi-
ble impact of the energy threshold has been checked by
selecting a set of detectors corresponding to the three
first layers in the forward direction of DALI2T, as shown
in Ref. [52]. The obtained cross sections are compared
to values for the full ensemble of DALI2": 5.39(33) and
4.99(38) mb for the transition at 198 keV, respectively.
The same was done for the transition at 1340 keV with
8.26(66) and 7.39(72) mb. There is no evidence of an
impact within the error bars and no difference with the
1340 keV transition for which no impact is expected.

Experimental values are compared to the results of
cross section calculations o¢*(E*) for excitation energies
E* at a given incident energy FE;,. following

ot (EY) Z C?Sj, . ol (B, (1)

znc)

where the theoretical spectroscopic factors C2S; ;
are multiplied by the single particle cross sections
07 (E*, Einc) obtained in a reaction model. Here, they
were calculated with the TC [47] and DWIA [48] meth-
ods at 217 MeV /nucleon, which corresponds to the mid-
target energy for °’Ar projectiles. Values are given in
Tab. II and used in the calculation of oy, for the pre-
dicted states below the one-neutron separation energy.
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An overall agreement is observed with experimental val-
ues, except for the large value predicted for the popula-
tion of the 7/2] state, which possibly suggests a smaller
spectroscopic factor.

The inclusive cross section was determined to be o,
= 36.3(9) mb. The cross section to populate the ground
state was calculated as the difference between the in-
clusive cross section and the sum of the exclusive cross
sections for transitions known to feed the ground state.
This prescription is valid as long as the feeding from
unresolved higher-lying states is negligible. This is a
first-order approximation, reasonable considering the low
value of the one-neutron separation energy S,,. However,
in the list of higher-lying states predicted in the SDPF-
MUs calculation, states such as 5/2; or 7/25 could
partly populate the ground state with non-identified
weak transitions. Therefore, the result of 17.2 mb has
to be considered as an upper limit for og;.

Overall consistency may be tested through the reduc-
tion factor Ry = 0ync /Y 01h,i, using the spectroscopic
factor predictions of a shell model routinely used in this
region like SDPF-MUs calculation in Tab. II. The value
Rs; = 0.85(2) is found with the TC and DWIA reaction
models, which places *°Ar(p,pn) (AS = -17.8 MeV) in
the general trend observed for the one nucleon knockout
reactions (see Ref. [53] and Fig.2 in Ref. [54]).

IV. DISCUSSION

In the following, the N = 32 neutron number is in-
vestigated for °Ar, together with the reference nucleus
52Ca. Properties of the even-even nuclei, as well as the
N — 1 ones obtained from the one-neutron knockout, are
discussed with the help of different theoretical methods.

First, shell-model calculations were performed using
different versions of the SDPF-MU interaction, which
were tuned to reproduce data in this mass region. Ad-
ditional insight on excited states and the quadrupole
deformation degree of freedom is then provided via
Hartree-Fock-Bogoliubov (HFB) calculations based on
the D1IM parametrization [55] of the Gogny effective in-
teraction [56]. Finally, new results from valence-space
and full-space ab initio approaches are also provided to
complete the theoretical analysis. Some of these theo-
retical tools were already employed in Ref. [36], where
details about the computational schemes can be found.

The computed low-lying spectra using these methods
are displayed in Fig. 5. Other theoretical results are
shown in Figs. 6-8, while numerical values are given in
Tables IIT to VI in the text and in the Appendix.
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1Ca (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 v1p3/, and v0f7 /2 in an independent particle model (IPM).

TABLE III. Neutron content N, of the different fp orbitals in ’

the gs wave function of 52Ca and 3°Ar obtained in the shell-
model calculation using the SDPF-MUs interaction.

N, (nlj) 52Ca S0Ar
v0f7/2 7.95 7.61
V0 fs/2 0.13 0.41

TABLE IV. OpOh and 2p2h components of the wave function °

for the lowest two 01 of ®2Ca and °°Ar, obtained in the shell-
model calculation using the SDPF-MU interaction.

Energy OpOh 2p2h
(keV) % %
52Ca 0F gs 87.1 12.4
52Ca 07 4007 7.3 88.9
S0Ar 0F gs 54.0 28.8
0Ar 0F 2412 25.4 58.5
A. Shell-model calculations

The shell-model calculations were performed with the
SDPF-MUs interaction, which was derived from the orig-
inal SDPF-MU interaction [57] and tuned to improve the
results for K and Ca isotopes [46]. This tuning was useful
to reproduce the excitation energy of the first 27 state
in argon isotopes up to *?Ar [27]. However, the level
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s scheme in Fig.5 is better reproduced with the original

SDPF-MU interaction. A slightly larger compression is
observed with SDPF-MUs, with nevertheless the same
level ordering.

In a shell-model picture, one would expect, for a closed-
shell nucleus at N = 32 in a spherical configuration, the
v0f7/2 and vlps/o orbitals to be filled and v1p; o and
v0fs/o orbitals to be empty. The numerical values for
the neutron content N, of the 52Ca and °°Ar orbitals are
displayed in Tab. III. The v1p3,5 and v0f7,, orbitals are
slightly emptied in °°Ar compared to the closed shell iso-

s tone °2Ca, with a corresponding increase for the vipy /o

and v0f5/5 orbitals. The relative effect is quite strong
for v1p; /3. This change is not driven by the monopole
gap between the v1ps3/5 and v1p; /5 orbitals which do not
significantly change from one nucleus to the other, as al-
ready mentioned in Ref. [28]. At the same time, more
mixing is predicted in Tab. IV for the wave function of
the 5°Ar ground state, compared to °>Ca. The SDPF-
MU calculation in Ref. [29] also predicts for *°Ar a ra-
tio E(47)/E(2]) = 2.05, consistent with a vibrational
character. This is the first indication of collective effects
present in °CAr.

The one neutron knockout *°Ar(p,pn) is a good tool to
test the persistence of the shell effect observed at N = 32
on ®2Ca, as recently obtained for ®2Ca(p,pn) [16]. With-
out correlations, the occupancy number should be found
at 25 + 1 for fully-occupied orbitals and 0 for empty
ones. The spectroscopic factor C2S distributions cal-
culated for the low-lying 1/27,3/27and 7/2~ states in
49Ar and °'Ca are shown in Fig.6.

3/27 states
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The C2S value for the 3/2] ground state in 5'Ca is
very close to the 2j + 1 value, which is a signature of
a single-particle character with a strong overlap with a
neutron hole in the v1ps/; orbital in 52Ca. In *°Ar and
in spite of the high excitation energy range, the sum
> (C29); = 3.19 is still lower than the value for 3/27 in
51Ca, with evidence for a fragmentation of the distribu-
tion. The shell model calculation predicts a 3/2] ground
state for “2Ar. It also predicts a 3/2; state at 1197 keV
with a significant spectroscopic factor, which we assume
to be consistent with the 1466 keV state in Fig. 5 and
the measured cross sections. Higher-lying states are also
predicted, such as 3/2; at 2870 keV very close to the
estimated S,, value. If not unbound, they will be part of
the feeding to lower-lying states.

1/27 states

The 1/2] state in ®1Ca has a large excitation energy at
about 1.5 MeV and a small spectroscopic factor. This is
consistent with a weak population of the v1p, 5 orbital
in 52Ca, such as the removal of a 1p1/2 neutron from
a (V1ps/2)?(v1pi/2)? configuration with a small weight
in the °2Ca wave function and a large vips/o — vipy o
spherical gap. This is what is expected for a closed shell
nucleus at IV = 32 in the shell model framework. A very
different conclusion may be drawn for *°Ar. The energy
difference between the ground and the first excited state
is found to be quite small in many calculations. The
shell model calculation with the SDPF-MUs interaction
predicts the 1/2] state at 94 keV. A comparably small
value is obtained with the original SDPF-MU interac-
tion. Whereas the C2S value for 3/2] , although large, is
well reduced compared to the ®1Ca case, the C2S value
for 1/2] significantly increases from ®!Ca to 4°Ar. The
experimental cross section measured for the first excited
state in 49 Ar, assumed to be 1/2, is consistent with the
large value C2S calculated with the SDPF-MUs interac-
tion in Tab. II. Both the low excitation energy and the
substantial C2S value of the 1/2] state are clear indica-
tions of collective effects present in 4°Ar.

5/27 states

A 5/27 state is found in most of the calculations
around 1 MeV, which supports the assumption of such a
state at 1050 keV in Fig. 5. It is weakly populated in the
neutron knockout reaction, as expected from the small
value of the spectroscopic factor displayed in Tab. V. A
large value B(E2;5/2] — 1/27) = 177 e2fm? is also
predicted.

7/2” states

Here again °'Ca and “°Ar are found to be quite
different. There is mainly one low-lying 7/27 state
in ®°'Ca, around 3 MeV with a large C2S value, very
close to the 25 + 1 limit in Fig. 6 (c¢). This strong
overlap is consistent with a neutron hole in the v0f7 /o
orbital in 52Ca. In %°Ar, in spite of the high excitation
energy range, the sum Y ,(C%S); = 6.95 is still lower
than the value for 7/27 in ®'Ca, with evidence for a
fragmentation of the distribution. Two states, 7/27
and 7/2;, have a large C2S value. The origin of the
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FIG. 7. Potential energy surfaces energy Epgrp versus the
quadrupole deformation parameter g for argon a) and calcium
b) isotopes obtained from HFB calculations based on the D1M
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The curves are shifted by 2 MeV from each other in order
to allow superposition; (¢) HFB + blocking calculations (see
text) for the lowest-lying states of “”Ar at a given spin-parity
1/27,3/27,5/27,7/2" and 9/2".

calculated 7/2; state can be easily understood since
its excitation energy is predicted to be 3245 keV, very
similar to the value obtained for 7/27 in ®'Ca. It can
therefore be associated with the neutron removal from
the spherical v0f7/5 orbital. The excitation energy of
such a state is well above the one-neutron separation
energy S,,. This calls for invariant mass reconstruction,
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which will not be discussed here.

The 7/2] state seems more complex, with a low
excitation energy E* 983 keV and a large value
B(E2;7/27 — 3/27) = 144.2 €? fm* to the ground state.
In the shell-model framework, it is tempting to link it
with a more complex neutron configuration in °%Ar, in-
volving some u(1p3/2)2(1p1/2)2 components compared to
v(1ps /2)4, already encountered for the population of the
1/2] state. Its energy is also close to the 2] state exci-
tation energy in °YAr, which suggests a vibrational com-
ponent for a state built on the 3/2] ground state.

With small C2S values, the 7/25 and 7/23 states are
weakly populated in the one-neutron knock-out. More-
over, they do not directly decay to the ground state, feed-
ing states at lower excitation energy in a complex decay
pattern.

B. Energy-density functional calculations

The analysis is complemented with results of energy-
density functional calculations based on the DIM
parametrization [55] of the Gogny effective interac-
tion [56]. The potential energy surfaces (PES) are shown
in Fig. 7 for calcium and argon isotopes. While the cal-
cium isotopes are found to be spherical, PES are much
softer for argon isotopes and a trend towards oblate de-
formation is observed, favored by the gain in energy
for the 3/2%[202] proton orbital, as observed in Fig. 8
(left panel). This results in a competition between the
spherical minimum and an oblate configuration around
[ ~ —0.2. At the mean-field level, permanent oblate de-
formation is predicted for ¥ Ar, but ®°Ar remains spher-
ical.

In the present HFB calculations assuming axial sym-
metry around the z-axis, the low-lying states in °Ar
are described within the blocking approximation by a
one-quasiparticle (qp) excitation on top of a gp vacuum.
Along the binding energy minimization process, the oc-
cupation probability of the one-qp orbital is imposed.
This orbital is selected according to its quantum num-
bers and numbering by its qp energy, i.e., with respect to
the Fermi level. Odd-A HFB states with spin-parity J™
are obtained by selecting gp orbitals with angular mo-
mentum projection and parity K™ = J™. On top of the
HFB with K blocking calculations, vibrational states are
described within a consistent QRPA approach. More de-
tails can be found concerning the HFB and HFB-++QRPA
approaches in Refs. [58, 59| for the treatment of odd sys-
tems. The minimization of the lowest energy states with
parity 1/27 to 7/27 and 9/27 versus the quadrupole de-
formation is shown in Fig.7.

The D1M mean-field ground state is obtained by block-
ing on the first K=1/2 quasi-particle orbital, with a soft
oblate minimum at f = —0.15. It is consistent with
the neutron knockout from the valence orbital 1/27[321]
in %9Ar at moderate oblate deformation. Here again,
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the 1/2] and 3/2] states are very close to each other,
but 3/27 is found as nearly spherical excited state at 70
keV. The next 3/2~ state is found by blocking at much
higher energy around 3350 keV. Therefore, the experi-
mental 3/25 state at 1466 keV seems to be more consis-
tent with a collective state, at about the same energy as
the 2] state in *°Ar.

Blocking the first K = 5/2 qp orbital, the 5/2] state
is found at 1590 keV above the 1/27 HFB minimum and
an oblate deformation 5 = —0.20. It is partly associ-
ated to the K=5/2 orbital of 0 f5/, parentage, 5/27[303]
in Fig. 8 (right panel), which is strongly favored by the
oblate deformation. Another origin could be a collective
state, such as a vibrational K = 2 state built on top of
the 1/2] state.

Blocking the K=7/2 qp orbital, no 7/2~ state is ob-
tained below 3 MeV. The first 7/27 state is found at
3650 keV with a small prolate deformation 8, = +0.1.
It is closely related to the 7/27[303] orbital, with a
nearly pure wave function. This suggests that the ex-
perimental 7/27 state at 1340 keV in Fig. 5 could partly
be a vibrational one. From QRPA calculations per-
formed for phonons acting on the odd QRPA ground
state J = 3/27, the experimental state might be a mix-
ing of the three QRPA states obtained for the K = 0,
1 and 2 phonons, the main component being the QRPA
state for the K =0 at 1775 keV.

This discussion, based on shell model calculations as
well as an energy-density functional approach, is consis-
tent with a sharp transition from a spherical configura-
tion at N = 32 when protons are removed from °?Ca
to 5%Ar. A low-lying 1/27 state in *°Ar, as well as 7/2~
and 3/2 states at excitation energies close to the first 2
state in 5YAr, may be assigned to the existence of collec-
tive effects. This evolution is now also been investigated
with the help of recently developed ab initio approaches.

C. Ab initio calculations

Ab initio calculations were performed in the context of
the valence-space in-medium similarity renormalization
group (VS-IMSRG) [60] and the self-consistent Gorkov
Green’s function (GGF) [61, 62] approaches.

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

22 pf shells above a 280 core were considered for proton

743

744

745

746

747

748

749

750

751

752

and neutron valence spaces, respectively. Three-nucleon
forces between valence nucleons were captured via en-
semble normal ordering [63]. Calculations were per-
formed within 15 major oscillator shells, whereas an ad-
ditional cut on three-nucleon configurations was intro-
duced at Esmax = 24 [64]. The spectroscopic factors
were computed with the bare annihilation operators, al-
though ideally, they should be evolved consistently with
the Hamiltonian. The consistent evolution would change
the spectroscopic factor by roughly 10% [65]. The two
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FIG. 8. Energy of the proton (left) and neutron (right) orbitals versus the quadrupole deformation 8 parameter in "°Ar
obtained from Hartree-Fock-Bogoliubov (HFB) calculations based on the DIM parametrisation [55] of the Gogny effective
interaction [56]. The orbitals discussed in the text are labeled with the usual Nilsson parameters K[N,n, A]. The black dots
stand for the Fermi level. The red arrow is placed at 5 = —0.15.

plus three-nucleon 1.8/2.0 EM interaction [66] was em-
ployed throughout the study.

VS-IMSRG predictions for low-lying states are similar
to the ones from the SDPF-MUs calculation, with two
main exceptions. First, a less compressed level scheme is
found for 4°Ar, as visible from Fig. 5. Moreover, a spin
inversion for the ground state (1/2] instead of 3/27) is
predicted, although the two states are very close to each
other in excitation energy. This spin inversion is also ob-
served in VS-IMSRG calculations performed with other
interactions, such as ANNLOgo [67] or NN+3N(Inl) [68].

GGF calculations were performed in the A-body
Hilbert space truncated to 14 major oscillator shells,
with a further cut on three-nucleon matrix elements im-
posed by Fsnax = 16. Although the latter is smaller
than the one introduced in VS-IMSRG calculations, it is
sufficient to converge all relevant observables. Two dif-
ferent interactions were employed, namely NNLOg,; [69]
and NN + 3N(Inl) [68]. As for the other theoretical ap-
proaches, the properties of the low-lying states in 5'Ca
suggest that ®?Ca is a closed-shell nucleus: i) large C2S
values close to the 25 + 1 limit for the 3/2] ground state
and 7/27 fragment found at high excitation energy for
both interactions; i¢) the first 1/2~ state appears at high
excitation energy, especially with NNLOg,, and has very
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small C2S values.

In contrast, corresponding results for *°Ar point to the
emergence of a qualitatively different picture. The C2S
values for the main 3/27 and 7/2~ states decrease, al-
though the change is quantitatively different with the two
interactions. While the reduction is significant (around
30%) for NN +3N(lnl), only a ~ 5—10% decrease is ob-
served for NNLOg,¢. This is presumably due to the fact
that the former interaction predicts consistently smaller
0d3/2 — 1812 proton gaps, hence favoring more fragmen-
tation in spite of being sensibly more perturbative of
NNLOsat. Contrarily to valence-space calculations, here,
the energy of the 7/27 state changes by only a few hun-
dred keV, and a component below 1 MeV is not observed
for this angular momentum. Importantly, together with
the reduction of spectroscopic factors, a low-energy 1/2~
state appears with both interactions. In addition, the
energy of the first 5/2~ state is lowered by more than 1
MeV. These features all signal an increase of collectivity
in ¥9Ar.

Altogether, the changes observed in GGF calculations
when going from °'Ca to *°Ar are consistent with shell
model results and point to the deterioration of the N =
32 gap in argon. The quantitative differences emerging in
the two sets of results are very likely due to the missing
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collective degrees of freedom (i.e., lack of deformation
and low truncation in the particle-hole expansion) in the
GGF approach.

V. CONCLUSIONS

In summary, the one neutron knock-out *° Ar(p,pn) re-
action was studied in inverse kinematics on a thick liquid
hydrogen target at about 217 MeV /u. The spectroscopy
of 4 Ar was obtained by fast in-beam y-ray measurements
with the help of the DALI2T array for transitions from
low-lying bound states. A first level scheme could be pro-
posed for *° Ar, with tentative assignment of spin parities
for the 1/27 and 7/2] excited states.

The resulting low-energy spectroscopy of *°Ar and
cross sections, in addition to the spectroscopic factors
obtained in theoretical calculations, are consistent with
a description more complex than that used for °'Ca, as
illustrated by the PES in HFB calculations. While a
spherical configuration, expected from the N = 32 shell
closure, is still present in *Ar for some states (such as
the 3/27 ground state or the 7/2; state in the SDPF-
MUs calculation), one also observes the onset of collective
effects consistent with quadrupolar deformation or vibra-
tion. In particular, this is manifested by the low excita-
tion energy and substantial C2S values of the 1/2] state.
Interestingly, this collective character is not driven by a
reduction of the N = 32 gap, which roughly remains con-
stant when going from calcium to argon. Ab initio calcu-
lations also consistently predict an increase of collectivity
in “°Ar as compared to °'Ca. This is indicated by the
appearance of low-energy states in the excitation spec-
trum as well as a signifcantly more fragmented strength
in argon. In the future, it will be interesting to further
investigate these findings in the #®S isotone, for which
the proton valence orbital from 7ls;/, parentage has a
very different dependence on quadrupole deformation.

VI. APPENDIX

Tab. V and VI are displayed the numerical values of
the excitation energies and spectroscopic factors for the
states populated in the one-neutron knockout from 5°Ar
and °2Ca obtained in the theoretical calculations given
in the main text.
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TABLE V. Spin J™, excitation energies E* and spectroscopic factors |[(*T!X - n |2 X)||? for levels of “°Ar and ®' Ca 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)

495, 510y 495 510,
State E* c*s E* c*s E* c*s E* c*s
(keV) (keV) (keV) (keV)

3/27 gs 1.84 gs 3.57 155 1.37 gs 3.69
1/27 94 0.62 1552 0.14 gs 0.94 2025 0.09
5/27 923 <0.01 2298 <0.01 1150 <0.01 2068 0.00
7/27 983 2.56 3374 7.56 1852 1.89 4197 7.59
3/25 1197 0.68 2893 0.09 1439 0.91 3081 0.06

7/25 2317 0.05 4622 0.07 3271 0.09

TABLE VI. Spin J™, excitation energies E* and spectroscopic
in GGF calculations with the NN 4+ 3N (Inl) and NNLOg¢.
factor is larger than 0.01.

factors |[(AT1X - n |4 X)||? for levels of *°Ar and °!Ca obtained
interactions. Here we select states for which the spectroscopic

GGF (NN + 3N(Inl))

GGF (NNLOsa)

49Ar Slca 49Ar Slca
State E* c*s E* c*s E* c*s E* c?s
(keV) (keV) (keV) (keV)
3/27 gs 2.68 gs 3.36 gs 3.17 gs 3.34
1/27 180 0.22 1610 <0.01 330 0.02 3060 0.03
5/27 440 0.10 1628 <0.01 1890 <0.01 2980 <0.01
/27 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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