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A first y-ray study of “’*°Cl spectroscopy was performed at the Radioactive Isotope Beam Factory with
S0 Ar projectiles at 217 MeV /nucleon, impinging on the liquid hydrogen target of the MINOS device. Prompt
deexcitation y rays were measured with the Nal(T1) array DALI2*. Through the one-proton knockout reaction
O Ar(p, 2p), a spin assignment could be determined for the low-lying states of *’Cl from the momentum
distribution obtained with the SAMURALI spectrometer. A spin-parity J™ = 3/2% is deduced for the ground
state of *Cl, similar to the recently studied N = 32 isotope >'K. The evolution of the energy difference
E(1/2]) — E(3/2]) is compared to state-of-the-art theoretical predictions.

DOI: 10.1103/PhysRevC.104.044331

I. INTRODUCTION

In the simplest shell-model framework, nucleons inside
nuclei may be considered as independent particles, subject
only to the mean-field potential created by the other nucleons.
From systematics of the first 2™ excited state energies, E (21+),
for even-even neutron-rich nuclei in the vicinity of calcium
isotopes, a strong shell effect is visible at the well-established
magic number N = 28 with a maximum of E (ZT) for the Ca,
Ar, and S isotopic series. Not only the E (21+) energies but
also other quantities, including masses and reduced transi-
tion probabilities B(E?2; OT — ZT), are relevant observables
for understanding these shell effects. It has been shown that,
far from stability, the usual ordering of nuclear shells and
energy gaps evolves, resulting in new magic numbers such
as N = 32, 34 in Ar and Ca isotopes [1-5], while known ones
may disappear, such as N = 28 for Si, Mg [6,7]. More data
extended to the neighboring isotopic series will characterize
the evolution of these shell effects.

In parallel to the modification of the neutron pf shell
structure, the addition of neutrons in the Ca isotopes modifies
the ordering of the proton orbitals. Valuable information on
this ordering can be provided by the spectroscopy of odd-Z
nuclei. In the K isotopes, a naive expectation from the shell
model gives J* = 3/2% for the ground state and J™ = 1/2"
for the first excited state, corresponding to a proton hole in
the Od3,, and 1sy, orbitals, respectively, as observed for the
stable nucleus *°K [8]. The potassium isotopic series has been
well documented through transfer [8—10], f-decay [2,11,12],
and laser-spectroscopy studies [13,14]. As the ground-state
spin-parity was unambiguously assigned, the low-lying level
spectroscopy can be studied with a variation of the first excited
state energy with the neutron number N. The energy for the
1 /21r level decreases when neutrons are added from N = 20
to 28 and increases beyond N = 28 [13]. The maximum effect
is observed for 'K at N = 28 with spin inversion and a J* =
1/27% ground state dominated by the 7 (1s; /2)_' ® v(pf) con-
figuration. Spin inversion is still observed for ¥*K, but a 3/2*
ground state is restored for 'K at N = 32. Recently, the
first spectroscopy of >!*>3K was performed [15] with a 3/2%
ground state for K and a first excited state assigned as 1/2+.
Experimental g factors were also determined for the ground
state [13] and are consistent with effective values calculated
for a proton hole in the 7 0d3 , orbital for N < 28 and N = 32,
and a proton hole in the 7 151/, orbital for N = 28.

The reduction of the energy difference A = [E(1/2]) —
EQ3 /2?')] with increasing neutron number for the N < 28
potassium isotopes has been interpreted as being due to the
tensor interaction between the 70d3,, (j< =1 —1/2) and
v0f7/2 (j> =1 + 1/2) orbitals, with AJ = 2, while the 77 157 2
orbital is unaffected. Filling the v0f;7,, orbital from N = 20
to 28 has an increasing attractive effect on the w0d3/, or-
bital [16]: the gap between the w0d3/, and 7lsy,, orbitals
decreases until the 7 151/, orbital becomes the valence orbital
for N = 28.

Increasing collectivity is expected when moving away
from the closed-shell Ca core. With two fewer protons, the
Ar isotopes are well suited for the study of collective effects
and can be compared to the calcium isotones. A similar com-
parison may be performed on the odd partners, potassium
and chlorine isotopes. With (d, 3He) transfer experiments on
even argon isotopes [17,18], the 3/ 2?’ ground state and 1/ 2f
first excited state were identified in *"*°Cl as proton-hole
states with large spectroscopic factors exhausting most of
the corresponding strength. A sharp decrease was observed
for the energy difference A from *’Cl to 3°Cl, suggesting
a possible spin inversion and a 1/2{r ground state for more
exotic isotopes.

Beyond N = 22, a possible spin inversion is also predicted
in theoretical calculations [19], with a very small energy
difference A for *1***#3CI. These isotopes were studied with
B-decay and in-beam y-ray spectroscopy using various reac-
tion mechanisms.

Since no spin-parity measurement could be performed,
only the absolute value |A| was determined. For *'Cl, a
small value |A| = 129.7 keV was found in in-beam studies
using deep-inelastic scattering [20-22], and is consistent with
shell-model calculations. -decay data [23] were inconclusive
on the spin assignment. Similar information is available for
43.45C1 with | A| = 328 and 127 keV. First spectroscopy studies
for ¥4 C1 [3,19,24] were performed under the assumption of
a 1/27 ground state, as predicted in the shell-model calcula-
tion [19]. However, further studies seem to be in contradiction
with this first hypothesis [25-27], calling into question the
former spin-parity assignment for the ground state of “**3CI.

Additional information was provided by the measurement
of the g factor for **CI, which was consistent with a 2~ ground
state [28]. The shell-model calculations performed at N =
27 for K and Cl isotopes conclude a dominant 70d3,, hole
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configuration for the ground state of “°K, while configuration
mixing is present in **Cl with a sizable 7 Ls, /2 component in
the ground state wave function. Due to the three proton holes
in the closed Z = 20 proton core, odd-Z chlorine isotopes
are expected to be sensitive to the relative position of the
70d3/> and 7 lsy, orbitals, which are strongly impacted by
the neutron number and the filling of the v0Of;,, orbitals and
beyond.

We report on the first spectroscopy of neutron-rich 474°Cl
isotopes and the investigation of the ground-state spin inver-
sion in Cl isotopes far from stability. Data are compared to
state-of-the-art theoretical calculations, including shell-model
and ab initio methods. These latter methods are now able
to compute open-shell, intermediate-mass, odd-even nuclei in
their full-space implementation [29,30], and all nuclei acces-
sible to standard shell-model approaches via valence-space
techniques [31]. Neutron-rich nuclei constitute an important
benchmark for the development of both many-body methods
and input nuclear Hamiltonians, currently modeled within the
framework of chiral effective field theory (EFT) [32,33]. In
the present work, new ab initio calculations were performed
within the valence-space formulation of the in-medium sim-
ilarity renormalization group (VS-IMSRG) [31,34-36] and
the Gorkov self-consistent Green’s function (GGF) [29,37]
approaches.

The experimental setup is described in Sec. II, and the
methods used for data analysis are developed in Sec. III,
including the determination of momentum distributions and
cross sections. The experimental results for **Cl and 4’Cl are
detailed in Secs. IV and V, respectively. In Sec. VI, data are
compared to the shell-model predictions with phenomenolog-
ical SDPF-MU interaction and VS-IMSRG-derived interac-
tions (called SDPF-MU calculation and IMSRG calculation in
the following), and full-space calculations performed within
the GGF approach.

II. EXPERIMENTAL SETUP

The experiment was performed at the Radioactive Iso-
tope Beam Factory (RIBF), operated jointly by the RIKEN
Nishina Center and the Center for Nuclear Study of the
University of Tokyo. A 7°Zn beam was accelerated up to
345 MeV /nucleon and impinged on a 10-mm-thick °Be pri-
mary target at the entrance of the BigRIPS separator [38]
with an average intensity of 240 p nA. The secondary beam
was identified with magnetic rigidity Bp, energy loss AE,
and time of flight (TOF) measurements. The setting of the
experiment was optimized for the study of the one-proton
knockout reaction **K (p, 2p) > Ar. Within the MINOS setup
[39], a 151(1)-mm-thick liquid hydrogen target (LH,) was
used to compensate for the low intensity beams. The beam
energy at the entrance (exit) of the secondary target was ~247
(~184) MeV /nucleon, with an intensity of 2.9 particles/s for
S0Ar. The total beam intensity on the target was about 212
particles/s. Scattered ions were analyzed with the SAMURAI
spectrometer [40] and identified by the mass over charge
number ratio A/Q and atomic number Z on an event-by-event
basis with the Bp-AE-TOF method [41]. Due to the large
acceptance of the SAMURAI spectrometer, it was possible
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FIG. 1. Particle identification with the mass over charge number
ratio A/Q and atomic number Z. Left: Secondary beam particle
identification at BigRIPS. The isotope °Ar is indicated by the red
ellipse. Right: Residue particle identification downstream the sec-
ondary target from the large acceptance SAMURALI spectrometer.
The isotopes *'Cl and *’Cl are indicated by the red ellipses.

to measure the residues of many reaction channels in the
same setup. Achieved resolutions before (after) the target
were 0.057% (0.247%) for A/Q and 0.865% (0.726%) for Z
with unambiguous separation of the different projectiles and
residues, as shown in Fig. 1.

Prompt photons emitted at the MINOS target were detected
with the DALI2™" array [42] composed of 226 Nal(Tl) detec-
tors in a compact geometry. In order to optimize the energy
resolution after Doppler correction, the vertex of the reaction
in the target was determined with a cylindrical time projection
chamber (TPC) surrounding the target. Details of the MINOS
setup are given in Ref. [39].

III. DATA ANALYSIS

A. Determination of y ray energies

Each Nal detector of the DALI2" array was calibrated indi-
vidually using '**Ba, '¥7Cs, ®°Co, and #Y sources with good
linearity from 356 to 1836 keV and an overall uncertainty
o = 4 keV. The full-energy efficiency and energy resolution
with add-back were determined using the GEANT4 framework
[43,44]. They were found to be 30% and 11% (FWHM) for 1
MeV y rays emitted by particles moving at 8 = 0.6, respec-
tively. The GEANT4 application was used to provide a response
function for each transition.

The energies of y rays emitted at the target position from
the residues at velocities close to v/c = 0.6 have been cor-
rected for the Doppler effect. This correction included the
angle of the y rays measured with the DALI2* array, the ve-
locity of the projectile, and the reconstruction of the reaction
vertex. The reaction vertices were determined from the tracks
registered in the TPC for the protons emitted in the reaction
[39] and the beam track determined by drift chambers [40].
Typical values for the vertex resolution were §z, =5 mm
[45], which corresponds to a time of flight resolution §7 =
30 ps. The reaction vertex may be different from the decay
vertex if the lifetime of the populated state exceeds a few
picoseconds. As mentioned in Ref. [45], the width and shape
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FIG. 2. Low-energy bremsstrahlung component subtraction: the
red histogram is the total spectrum for *°Ar(p, 2p2n) *’Cl; the blue
histogram is the final spectrum after subtraction of the normalized
black histogram for *’Cl(p, p) *'Cl.

of the measured photopeaks are sensitive to lifetimes above a
few tens of picoseconds.

B. y ray spectrum analysis

In previous similar analyses [46—48], the background
was fitted by two exponentials to take into account: (i)
at high energy the unresolved background from partially
detected high-energy transitions; (ii) at very low energy
bremsstrahlung components due to electron-ion collisions.
However, this procedure is not accurate enough when low
energy transitions are involved, especially below 150 keV
[49].

In practice, the low energy bremsstrahlung component is
obtained as the spectrum corresponding to the unreacted chlo-
rine beam, namely the ACI( P, P) ACl channel. This component
is subsequently normalized to the reaction of interest between
30 and 200 keV. The spectra for °Ar(p, 2p2n)*'Cl before
and after subtraction, and the background, are shown in Fig. 2
in the case of *’Cl for which the transition with the lowest
energy is observed in this work at 148 keV. The same proce-
dure is used for the knockout 50Alr( P, 2p) 49ClI and subtraction
from “Cl(p, p)*Cl. In the spectrum corresponding to the
ACI(p, p)Cl channel, there is also a contribution from the
inelastic excitation of the beam, which is about two orders of
magnitudes smaller compared to atomic background (a few
tenths of mbarn vs a few barn) and can thus be neglected.

Finally, the Doppler corrected y-ray energy spectra are
fitted by a combination of response functions and the above-
determined background, as can be seen in Fig. 3. For each
transition, the final uncertainty on the centroid energy is ob-
tained from the width of a x? distribution. Therefore, this
width also includes the other uncertainty sources, such as
errors in energy calibration with y sources and statistics.
Lifetime effects are also included in the response functions.
Increasing lifetimes result in decreasing the centroid energy
and increasing the width of the full-energy peaks, as shown in
Fig. 3.24 of Ref. [50].

; * (a) *°Ar(p,2p)*CI E 40[ {
> 102 A % 20f ; -
g ° 500 1000 1500
f
: wﬁﬁﬁ
(b) *K(p,3pn)*°Cl —— Exp. dat‘a
* * —— Sim + background
E) { * —— simulation
¢ U ﬂ%@ﬁuul Lt L
- AN EETIIR I S

| | | |
500 1000 1500 2000 2500 3000
E (keV)

FIG. 3. (a) Doppler corrected y-ray energy spectrum populated
from *°Ar(p, 2p) *Cl for all y multiplicities after subtraction of the
low energy bremsstrahlung component. Experimental data (points)
are fitted by a combination (black line) of four DALI2" simu-
lated response functions (red continuous lines) and a two-component
exponential background (red dashed line). Four transitions are iden-
tified by stars at 350, 630, 970, and 1515 keV. The inset shows
the spectrum gated on the 350 keV transition after subtraction of
a component gated at higher energy. (b) The same spectrum for the
non-direct reaction channel *>K (p, 3pn) *Cl, analyzed with response
functions at the same energies.

C. Momentum distributions

Due to the large acceptance of the SAMURAI spec-
trometer, all the reaction products and the unreacted beam
were measured in the position-sensitive detectors used for
identification, Bp reconstruction, and inclusive momentum
distributions. For each momentum bin, the y-ray energy
spectrum is obtained and fitted with response functions and
background. This results in the parallel momentum dis-
tributions (PMDs) and transverse momentum distributions
(TMDs) that may be seen in Fig. 4. This procedure could
be successfully applied only to the most intense transitions.
Distributions for the ground state may be obtained from
the difference between inclusive distributions and the sum
of contributions from the most intense transitions, assuming
negligible contributions from unresolved higher-lying states.
This is particularly true for isotopes with small one-neutron
separation energies, such as **Cl where S}, = 3050(640) keV
[51].

Both parallel and transverse momentum distributions ob-
tained in this manner are sensitive to the angular momentum
£ of the knocked-out nucleon and can be compared to dis-
tributions obtained from various reaction models. Besides
the popular choice of distorted-wave impulse approximation
(DWIA) [52,53], in the following, we also used the results
of the transfer to continuum (TC) method with prior-form
transition amplitudes in which the final state is approximated
by a continuum-discretized coupled-channels expansion of
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FIG. 4. Momentum distributions of *’Cl ejectiles measured with the SAMURALI spectrometer: a) PMD of unreacted beam and inclusive
S Ar(p, 2p) ®Cl reaction; PMD b) in coincidence with the 350 keV transition measured in DALI2*; c) determined for the ground state; TMD
d) in coincidence with the 350 keV transition measured in DALI2*; e) determined for the ground state. Data are compared to calculations with
the TC and DWIA methods for £ = 0 and £ = 2 waves after convolution with the experimental resolution.

p-N states [p-p states for (p, 2p) and p-n states for (p, pn)],
as explained in detail in Ref. [54].

D. Cross sections

Inclusive cross sections were calculated from the number
N;, of projectiles entering the target and the number of ejec-
tiles Nsam identified in the focal plane of the SAMURAI
spectrometer as

o™ (mb) = Nsam/ (NN T) (1

with an overall transmission 7 = 0.491(4), including the ef-
ficiencies of the beam detectors, the absorption of flux in
the thick target, and the acceptance of the spectrometer. This
value is obtained for each reaction as the ratio of identified
outgoing residues versus projectiles for all trajectories which
are well inside the spectrometer acceptance. The target density
Nr (cm~2) is given by

Nr = pLNy/my ()

with the volumetric mass of liquid hydrogen p =
70.973 gecm ™ at atmospheric vapor pressure, length L of
the target 15.15(10) cm, Avogadro number N and hydrogen
mass my. Variations of the target density were controlled by
an overall measurement of the vapor pressure. Charge state
changes are not observed in the ionization chambers and
therefore are not considered in this calculation, in agreement
with the LISE++ calculations [55], predicting 1% or less of
charge states in this mass region.

When statistics were high enough, exclusive cross sections
were determined for each identified transition i — f, with the

number N7 of photons taken as
jvl}i[))f :O[,'/]Vm, (3)

where the normalizing factor «; was obtained from the fit with
the DALI2™ response functions.

The exclusive cross section o/ (mb) for the state i is
obtained as

ot = Z Mﬁc,?n/ (NinNrevmvosT ), 4)
7

where eyvnos 1s the efficiency of detecting at least one pro-
ton in the TPC obtained in a simulation with a 15 cm long
target. epnos = 0.89(2) was found for the °Ar(p, 2p) reac-

tion. An effective 1\713'_0:’?" was used, subtracting Niy_‘;'f"

N . to take into account the feeding from higher-lying states
I, ..., N, when they can be identified in the energy spectrum
and the level scheme. Since the feeding from nonidentified
transitions cannot be accounted for, the obtained values are
upper limits of exclusive cross-sections for one proton knock-
out to the given state.

IV. SPECTROSCOPY OF ¥Cl FROM THE ONE-PROTON
KNOCKOUT CHANNEL *Ar(p, 2p)

In the simplest shell-model framework, ten protons in *°Ar
occupy the sd shell valence space with three active orbitals,
70ds>, wls1/2, and w0d3/,. Then, one-proton knockout re-
actions exclusively populate positive parity states in “°Cl,
which have a sizable overlap with proton-hole configurations
7(Ls12)~" and 7(0d3/2)~" in °Ar. The relative position of
the two valence orbitals is sensitive to the details of the proton-
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neutron interaction with a possible inversion of the ground
state spin 1/27 versus 3/27, as already observed for 474931 K
[13,14].

The collective 2] state was found at 1150(12) keV in **Ar
[56], consistent with [57]. States resulting from the coupling
of the 2% to the 3/2% or 1/2% states may be present in the
level scheme of “°Cl around this energy but are expected
to be weakly populated in the direct one-proton knockout
reaction.

A. Experimental results

Bound states may be observed by y-ray emission up to
the one-neutron separation energy Si, = 3050 (640) keV
[51] for ¥*Cl. Doppler corrected y-ray energy spectra for
49CI are shown in Fig. 3 after subtraction of the low energy
bremsstrahlung component. The one-proton knockout channel
50Ar(p, 2p), which favors single-particle states, is compared
to a more complex reaction channel 2K (p, 3pn), for which a
different population of states with a stronger np-rnh component
is expected.

In the °Ar(p, 2p) reaction, a strong transition is observed
at 350 keV, while weaker structures may be observed at 630,
970, and 1515 keV. There is no strong evidence for any transi-
tion at higher energy above the exponential background below
S1.. A confidence level analysis performed on the single y
spectrum confirms the 350, 630, 970, and 1515 keV transi-
tions with confidence values of 7.00, 3.00, 3.50, and 5.50.

The black line in Fig. 3(a) is the final fit to the (p, 2p)
channel with response functions corresponding to transitions
at 350(6), 630(15), 970(27), and 1515(32) keV. Only prompt
transitions were considered here.

For all y-ray multiplicities, a -y analysis was performed
with four gates corresponding to the main transitions and used
to produce coincidence spectra. Due to low statistics, we only
considered the spectrum gated by the range corresponding to
the first transition at 350 keV, shown in the inset of Fig. 3.
The confidence level for a coincidence with the transition at
630 keV was 50. The summed energy of the coincidence is
980(16) keV, very close to the energy of the 970(27) keV
transition observed in the singles spectrum. To investigate a
possible direct decay to the ground state by a transition at
980 keV, the singles spectrum Fig. 3(a) was also analyzed
with two response functions at 970 and 980 keV, assuming
equal weights which maximizes the broadening of the result-
ing structure. Within the energy resolution of the DALI2"
array, there is no significant difference between the two anal-
yses of Fig. 3(a). Therefore, it is not possible experimentally
to discriminate between two separate states at 970(27) and
980(16) keV or only one state. We do not see evidence for
a coincidence with the other strong transition present in the
singles spectrum at 1515 keV, suggesting a direct ground state
decay.

These results can be compared to the spectrum obtained in
the multinucleon removal >>K (p, 3pn) **Cl, for which a direct
population of single particle states is not generally expected.
The Doppler-corrected energy spectrum in Fig. 3(b) has been
analyzed with response functions at the same energies used
for the (p, 2p) reaction, except for a new weak transition at

1745 qppr 1762 5.
1701——"5/2* .
o ABY
. —— (5/2)"
1454—— gpv 14TT———— 712" (1515) (572)
1248—— 5/2*
1020
991 ———— 5/2* (970-980) (312,5/2)*
724 ——— 32¢
419————_1/2+ )
350 2 12
35— 2+
312+ —_— 32
SDPF-MU IMSRG 49Cl Exp.

FIG. 5. Level scheme of **Cl compared to theoretical calcula-
tions detailed in section VI. The shaded area stands for the possible
existence of a single or two different states (see text).

768(22) keV added to improve the fit. Without further infor-
mation, it is not possible to place the 768 keV transition in the
level scheme shown in Fig. 5. Due to the weak intensity of the
350 keV transition and limited statistics, the spectrum gated
by a range around 350 keV is not conclusive in this case.

Based on the small spectroscopic factors reported in
Table 11, the 970 keV state could be the 3/25 or 5/2] state
populated in a nondirect process and decaying to the ground
state. If we take this state as a reference, the detection-
efficiency-corrected intensity ratio /;/ly79 displayed in Table I
for the two reactions *°Ar(p, 2p) *Cl and K (p, 3pn) *Cl
provide information on the direct population of a state decay-
ing by the transition i. The ratio 350 /lo70 is 5.5(7) and 0.7(2),
respectively, and shows the single particle character of the 350
keV state. The ratio /;s15/Io70 is 1.0(2) and 0.5(2), leading to a
similar but weaker conclusion for the 1515 keV state. Finally,
the Is30/Io70 ratio is 0.39(12) and 0.56(12), corresponding to
a similar ratio for the two reactions populating the 970 keV
state.

According to the level scheme proposed in Fig. 5, we
determined the experimental cross sections oey, displayed in
Table II. For each transition, an exclusive cross section can be
calculated from Eq. (4), yielding values of 1.25(9), 0.49(4),

TABLE 1. Transitions observed in Fig. 3 for the two differents
reaction channels °Ar(p, 2p)*Cl and 2K (p, 3pn) “Cl: excitation
energy E*, detection-efficiency-corrected intensity /;, and ratio /; /Ig79
normalized to the 970 keV transition.

OAr(p, 2p)¥Cl 2K (p, 3pn) ¥Cl

E* (keV) I; I /1970 I; i/ Is70

350 (6) 355(19) 5.55(30) 24(5) 0.67(14)
630 (15) 36(6) 0.56(9) 14(4) 0.39(11)
768 (22) 16(4) 0.44(11)
970 (27) 64(8) 1.00(12) 36(6) 1.00(16)
1515 (32) 67(8) 1.05(12) 18(4) 0.50(11)
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TABLE II. Spin, excitation energies E*, spectroscopic factors C2S, and cross sections o, for 4] states; theoretical values for the one-
proton knockout reaction **Ar(p, 2p) are given for the shell-model calculations with the SDPF-MU and SDPF-MU; interactions, and for the
IMSRG calculation with the 1.8/2.0 (EM) interaction (see Sec. VI). Theoretical cross sections a;,; are obtained from Eq. (5) using C2S and
single-particle cross sections O’S[ 1{ (E*, Eiyc) from the TC and DWIA methods described in text and given in the two last columns. The excitation
energy range is limited to 2000 keV, as no state above this energy with a sizable spectroscopic factor has been obtained in the theoretical
calculations. A correspondence with experimental data is also proposed. The last row is the sum of exclusive cross sections ) o* for the three
employed calculations to be compared to the measured inclusive cross section oiyc.

SDPE-MU SDPE-MUs IMSRG(1.8/2.0 EM) Experiment G(E*, Ee)

State E* C*S ourc ompw E* C*S ouyrc E* C*S  ourc Eexp Oexp AL nlj orc  Opw

(keV) (mb) (mb) (keV) (mb) (keV) (mb) (keV) (mb) (mb) (mb)
3/2]+ gs 1.910 3.04 2.71 83 2.026 3.22 gs 2527 4.02 gs <2.26(18) 2 0d3/2 159 142
1/2f 419 1396 2.18 225 gs 1.272 198 135 1.055 1.65 350(6) 1.25(9) 0 1s1/2 156 1.61
3/25 1454 0206 033 029 849 0.184 029 724 0.015 0.02
5/2]+ 1248 0.030 0.05 0.05 922 0.040 0.07 991 0.002 0.
7/2;r 1745 1727 1477
5/25 1701 0515 0.85 0.80 1660 0422 0.70 1762 0.453 0.75 1515(32) 0.55(4) 0d5/2 1.66 1.56
> o 645 6.10 6.26 6.44

Ot = 4.55(15)

and 0.55(4) mb for the 350, 970, and 1515 keV states, re-
spectively. The inclusive cross section for the *°Ar(p, 2p) *Cl
reaction was determined with Eq. (1) to be oi,c = 4.55(15)
mb. Then, the cross section oy to populate the ground state
was deduced as the difference between the inclusive cross
section o, and the sum of the excited-state cross sections
> o =2.29(10) mb for transitions known to feed the ground
state, so that o, = 2.26(18) mb. It is only an upper limit for
045, assuming that the feeding from unresolved higher lying
states can be neglected, which is reasonable considering the
low value of Sy,,.

Experimental values are compared in Table II to the results
of cross section calculations o (E™*) for excitation energies
E* at a given incident energy Ej,. following

of"(E*) =Y C*S] ,0l)(E", Einc) )
Lj

as the product of theoretical spectroscopic factors CS ; ; with

single-particle cross sections of; (E*, Eiyc) obtained in a re-
action model. asllf (E*, Eine) values were calculated with the
TC [54] and DWIA [53] methods for the *° Ar( P, 2p) reaction
at 217 MeV /nucleon, which corresponds to the mid-target
energy for ’Ar. Due to the large target thickness, there
was a significant variation of projectile energy from 247
MeV /nucleon at the entrance down to 184 MeV /nucleon at
the exit. The variation of the cross section through the target
was carefully accounted for in the similar study of [1], but
the final values were not found to be different from mid-target
values by more than 1%. This is in agreement with the mean
value (o) calculated for the Od3,, orbital from the entrance to
exit and found to be 1.2% smaller than the mid-target value,
which has thus a very limited impact on our comparison with
theoretical values. Single-particle osl;(E*, Eic) were calcu-
lated with the TC and DWIA methods for the removal of a
proton in the different orbitals and energies (0d3/2, 0 keV),

(1s1/2, 350 keV), and (0ds,2, 1515 keV). Values are given in
Table II and used in the calculation of oy, for the 3/27, 1/27,
and 5/2F states. Due to the weak dependence with E*, the
same values were used for 3/ 2; and 5/ ZT. These two methods
were recently benchmarked with the one-neutron knockout
reaction 3C(p, pn) at 420 MeV /nucleon, and differences in
cross section were found to be below 5% [58].

Overall consistency may be tested through the reduction
factor Ry = Oincusive/ Y 0F~, using the spectroscopic factor
predictions of a shell model routinely used in this region like
SDPEF-MU in Table II. The values R, = 0.70(2) and 0.75(2)
are found with the TC and DWIA reaction models, respec-
tively, which places 50Ar(p, 2p) at AS = 17.0 MeV in the
general trend observed for the one-nucleon knockout reactions
(see Fig. 2 in Ref. [59]).

This correspondence between experimental data and both
TC and DWIA calculations justifies the underlying single
particle character of the populated states. However, it is not
possible, at this step, to identify the spin-parity of the ground
state and first excited state.

The transverse and parallel momentum distributions of the
ejectiles could be obtained with the SAMURALI spectrometer
and its associated detectors, as shown in Fig. 4. PMD for
the unreacted beam and inclusive (p, 2p) reaction are shown
in Fig. 4(a). Due to limited statistics for exclusive measure-
ments, TMD and PMD could only be extracted for the ground
state and first excited state displayed in Figs. 4(b) and 4(d).
For each momentum value, the amplitude of the 350 keV
transition was determined from the y-ray fit procedure (see
Fig. 3). Inclusive data were used after appropriate subtraction
to obtain the distribution for the ground state.

The TC and DWIA methods were used to calculate the
PMD and TMD for the one-proton knockout *°Ar(p, 2p) re-
action in both cases, with Od3;, £ =2 and 1s;; £ = 0. The
width of the unreacted beam (o0 = 38 MeV/c) is used for the
convolution of the theoretical TMD and PMD distributions.
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TABLE III. Energies and B(E2 | ) and B(M1 | ) values for transitions between low-lying states obtained in the SDFP-MU shell-model

calculation for ¥Cl.

“qa1 Energy B(E2) | T B(M1) ] T
(keV) e*fm* (ps) ,u,zv (ps)
12F — 3/2f 419 10.6 > Ins 0.021 37.7
52+ — 3/2¢ 1248 93.8 2.9 0.001 24.4
520 — 1/2f 829 108.9 19.2
325 — 3/2f 1454 8.6 14.7 0.005 3.7
328 — 172} 1035 124.0 5.6 0.028 1.8
328 — 5.2 206 24.7 > 1ns 0.129 50.2
5/25 — 3/2f 1701 11.7 4.9 0.089 0.1
528 — 172} 1282 67.8 3.5
5/28 — 5/2F 453 43 > 1ns 0.021 29.1
5/25 — 3/2F 247 2.4 > 1 ns 0.029 132.3

After convolution, TMD and PMD are compared to data in
Figs. 4(c) and 4(e), providing evidence for the £ = 2 character
of the ground state. Figures 4(b) and 4(d) instead suggest
an £ = 0 character for the narrower distribution associated
with the 350 keV transition. A further test was done with a
Bayesian analysis [60]. We find that the log,, scaled Bayes
factor is log,((Bio) > 7,' such that a d-wave character is
preferred over s-wave in the ground state distributions, and
s-wave over d-wave in the 350-keV state distributions, which
quantitatively supports our £ hypothesis.

B. Level scheme of *Cl

Based on these observations, a level scheme for “’Cl is
proposed in Fig. 5. A spin-parity J” = 3/2" is assigned for
the ground state, based on the momentum distribution and
partial level cross section. The first excited state decays to
the ground state by the transition at 350 keV; a spin-parity
J® =1/2% is assigned from the momentum distribution and
the partial level cross section, which is lower than the ground
state cross section in all theoretical calculations. A state, pos-
sibly J™ = (3/2,5/2)*, is proposed at 970(27) keV which
directly decays to the ground state. From y-y coincidences,
another state is suggested at 980(16) keV, decaying to the first
excited state. These two energies are very close to each other
and compatible with only one state. Since we cannot firmly
rule out the existence of two different states, a shaded area
in Fig. 5 stands for the unresolved existence of two different
states or a single state. At similar energies, the SDPF-MU and
IMSRG calculations also predict the existence of two possible
states, 3 /2;r and 5/27, with small spectroscopic factors (Ta-
ble II), suggesting a weak direct population in the one-proton
knockout reaction. In the SDPF-MU calculation, the 5 /2]L
decays mainly tho the ground state, as shown in Table III.
Finally, a spin-parity of J* = 5/2% is proposed here for the
level at 1515 keV and a direct decay to the ground state. This
assignment is based on the spectroscopic factor obtained in
the SDPF-MU and ISMRG calculations for a 5/25 state near

'Bayes factors provide decisive evidence for one model when com-
pared to another model if their log,,(B) is larger than 2.

1700 keV (Table II), corresponding to a sizable part of the
total strength. This is consistent with the shell-model calcu-
lations of (BE2) and (BM1) values, which predict a strong
decay from 5/25 to 3/2 by M1 transition (Table III).

V. SPECTROSCOPY OF ¥Cl1

In the same experiment, 47C1 reaction residues were also
transmitted through the SAMURALI spectrometer. However,
“Ar was poorly transmitted through BigRIPS, resulting in
few events for the one-proton knockout *8Ar(p, 2p)*'Cl re-
action. Therefore, neither momentum distributions nor spin
assignment could be obtained for *“’Cl. Other projectiles
were better transmitted to the target, resulting in various re-
action channels, either multinucleon removal reactions like
SAr(p, 2p2n)¥'C1 or the one-neutron knockout reaction
BCI(p, pn)¥'Cl. In ¥'Cl, the one-neutron separation energy
S1n = 3920(220) keV [51].

In Fig. 6 the bremsstrahlung-subtracted Doppler
corrected y-ray energy spectrum corresponding to the
S Ar(p, 2p2n)*'Cl reaction is shown and fit with a double
exponential background and simulated response functions.
One can clearly observe (i) a sharp peak at 148(4) keV
consistent with a negligible lifetime (less than 50 ps); (i)
a broader structure around 600 keV. The analysis of the
broad structure is not unique, and we find a good fit with an
equivalent x? value either with (i) two response functions
at 578(12) and 634(23) keV and no lifetime, as shown in
Fig. 6, or (ii) a single peak at 624(7) keV with a lifetime
around 130 ps. From a y-y analysis, there is no evidence for
a coincidence between the 148 keV transition and the broad
structure. Therefore, we suggest a state at low excitation
energy E* = 148 keV. A cascade between the two transitions
at 578 and 634 keV can be ruled out since there is no evidence
for a coincidence in the experimental data.

The **Cl secondary beam was also transmitted to the LH,
target. The Doppler corrected y-ray energy spectrum from the
one-neutron knockout reaction **Cl(p, pn)*'Cl is shown in
Fig. 6(b). The same transition energies are used here as for the
spectrum above. Due to low statistics, it is again impossible to
conclude whether there are one or two peaks around 600 keV.
The low-lying 148 keV transition is surprisingly not visible in
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FIG. 6. Doppler corrected y-ray energy spectrum of *’Cl pro-
duced from : a) the 50Ar(p,2p2n) multi-nucleon removal reaction.
The broad structure around 600 keV is reproduced with similar 2,
either with two transitions at 578 keV and 634 keV and no lifetime,
or a single transition at 624 keV and a lifetime v = 130 ps; b) the
neutron knockout reaction **Cl(p, pn). Response functions at the
same energies are used in the fits displayed in the top and bottom
panels.

the one-neutron knockout reaction, which is probably due to
its selectivity compared to the multinucleon removal, i.e., the
state populated in the multinucleon removal does not have a
neutron-hole single-particle character.

The inclusive cross section for the **Cl(p, pn) *’ Cl reaction
was determined to be 19.3(15) mb. Cross sections correspond-
ing to the structure at excitation energy around 600 keV have
been determined, depending on the one- or two-transition
analyses: (i) 10.0(13) and 2.7(5) mb for two states at 578
and 634 keV; (ii) 11.4(15) mb for only one state at 624 keV.
For the direct population of the ground state, an upper limit
was obtained by difference, with 6.6(20) and 7.9(21) mb for
the two scenarios, respectively. No information could be ob-
tained on spin assignments from the momentum distributions
of #’Cl residues due to the complex nondirect multinucleon
removal reaction *°Ar(p, 2p2n), and the low statistics for the
BCl(p, pn) reaction.

Due to the DALI2* energy threshold, the decay of a state at
very low excitation energy (below 100 keV, corresponding to
the shaded area in Fig. 7) could not be determined for this
experiment. Considering all uncertainties, the level scheme
proposed in Fig. 7 is restricted to a state at 148(4) keV without
spin assignment. We again mention the possibility for two
states (dashed lines) at excitation energies of 578(12) and
634(23) keV, assuming O ps lifetime and without spin-parity
assignment. Both the SDPF-MU and IMSRG calculations
predict the existence of 3/ 2; and 5/ 2]L states with excitation
energies compatible with the measured transitions.

1296 5/2+ 1267 5/2+
47Q)
792 5/2* 785 372+
< kA% 714 5/2*
(634)---21-0  (634)—- G120
534 3/2+  (578)
N
(148) l (148) 23—
—__ 3/2* N 56) - 33 3/2*
; % o
IMSRG Exp. (1) Exp. (2) SDPF-MU

FIG. 7. Two different experimental level schemes proposed for
47C1, compared to theoretical predictions. The shaded area below 100
keV was not accessible in the experiment.

VI. DISCUSSION

A. Theoretical approaches

Data are compared to several state-of-the-art theoretical
calculations.

The first one is a large scale shell-model calculation em-
ploying the SDPF-MU Hamiltonian [61], performed using
the KSHELL code detailed in Ref. [62]. The valence space
contains the sd orbitals for protons and the fp orbitals for
neutrons, with a 280 inert core. The main interactions are
USD [63] for protons and the GXPF1B Hamiltonian [64] for
neutrons. The cross-shell part is given by Vj,y of Ref. [65].
Of particular importance is the reproduction of spectroscopic
factors of proton sd orbitals for **Ca, with the inclusion of
a tensor force, as shown in Ref. [61]. A good agreement is
obtained for neutron-rich calcium isotopes, except for a too
high value of E (Zf) in *Ca [5]. The same trend is observed
with the overestimation of E(2]) in the neutron-rich argon
isotopes [1,57]. The interaction was slightly modified to im-
prove the agreement with new experimental data. Fine tuning
of the main ingredients is detailed in Refs. [57,61]. With these
modifications, it was possible to reproduce fairly well the
variation of E (ZT) for the Ar isotopes [1,57,66], with a small
increase from *3Ar to *°Ar and a larger value for > Ar, but still
underestimation of **Ar at N = 28. The wave function of the
closed-shell 3>Ca ground state was found to be dominated by
the v(p‘3‘ /2) and v(pg 12P1 ,2) neutron configurations, while the

ground state wave function of 30 Ar was more mixed [57]. The
energy splitting in potassium isotopes was well reproduced
by shell-model calculations using another tuning defined in
Ref. [15], the SDPF-MUSs interaction, with the restoration of
the Z = 16 subshell gap in >"*>3K isotopes. The degeneracy
of 7151/, and 7w 0ds/, orbitals at N = 28 is expected to favor
collectivity in neutron-rich Z = 14, 16, 18 isotopes. The spec-
troscopic information for #’**’Cl obtained in the present work
thus provides an important benchmark for the calculations.
The ab initio VS-IMSRG [31,34,35] was also used in the
analysis of the experimental results. This approach resem-
bles the standard shell-model paradigm in that it decouples
a valence-space Hamiltonian from the full-space problem
via an approximate unitary transformation. In the IMSRG(2)
approximation employed here, all induced operators are trun-
cated at the two-body level, while three-body interactions
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between valence particles are taken into account with the
ensemble normal ordering procedure [67]. In the present
application, the valence space is composed of the standard
sd orbitals for protons and pf orbitals for neutrons on top
of a 20 core. The initial interaction is the 1.8/2.0 (EM)
interaction [68], which combines the two-nucleon (NN) po-
tential of Ref. [69] evolved via SRG techniques to Asrg =
1.8 fm~! and three-nucleon (3N) interactions determined by
a fit to the *H binding energy and the *He radius at that
scale using a cutoff Asy = 2.0 fm~!. While the NN potential
is derived at next-to-next-to-next-to-leading order (N*LO) in
chiral EFT, the 3N part contains N>LO operators. This interac-
tion has been shown to provide an accurate description of the
energies of ground and excited states in numerous applications
across medium- and even heavy-mass nuclei [70-73]. In this
framework, chlorine isotopes were first addressed in Ref. [36],
where ground-state energies were computed for the whole
isotopic chain.

In addition, full-space ab initio calculations within the
Gorkov self-consistent Green’s function approach [29,37]
were performed. This technique has been recently applied
to specific examples [15,74-76], as well as systematic sur-
veys [77,78] in the medium-mass region of the nuclear chart.
One specificity of Green’s function techniques is the ability
to access the spectroscopy of odd-even nuclei [29], which
makes it particularly suited to the present case. Two different
(NN + 3N) interactions were used in this work. The first one,
labeled NNLO,, builds on the set of operators appearing up
to N2LO in chiral EFT. It was introduced in Ref. [79] with the
main goal of correcting for the poor saturation properties and
unsatisfactory description of nuclear radii yielded by previous
chiral Hamiltonians. Indeed, it has been shown to reproduce
experimental charge radii all the way up to the nickel chain
and mass A = 132 for Xe isotopes [77,80]. In addition, it leads
to a good description of all observables that crucially rely on a
correct account of the nuclear size, such as the electric dipole
response [81] or electron-nucleus scattering cross sections
[82].

The second interaction, labeled NN + 3N(Inl), was intro-
duced more recently [77]. It combines a N*LO two-body force
with N2LO three-body operators. It has been shown to provide
a very good description of (total and differential) ground-
state energies and excitation spectra in the calcium region
[77,78]. All GGF calculations were performed in a spherical
harmonic-oscillator basis, including up to 14 major shells
(emax = 13). Matrix elements of three-body operators were
further restricted to e3m, = 16. All energies presented in the
following are converged in terms of many-body and model-
space truncations up to a few percent errors (see Ref. [77] for
an extensive discussion).

B. “Cl1

The level schemes obtained for the low-lying states of *CI
with the SDPF-MU and IMSRG calculations are shown in
Fig. 5 and Table II. More compression is obtained in the
IMSRG calculation with a lower-lying 1/2] state, but a cor-
respondence state by state may be done at similar excitation
energies in both calculations. In contrast with the K isotopes,

the calculation with the SDPF-MUs interaction does not re-
produce the experimental results well, with J© = 1/2% for
the ground state of “’Cl. This is in contradiction with the
positive A = 350 keV value found experimentally for *’ClI,
much better reproduced here with the SDPF-MU interaction.
Spectroscopic factors are shown in Table II. They suggest
that the one-proton knockout reaction °Ar(p, 2p) *’Cl should
significantly populate 1/2] and 3/2 states, exhausting most
of the corresponding strength. The 0ds,, strength seems to be
more fragmented with a limited value for the spectroscopic
factor of the 5/2 state. This state may still be populated in
the one-proton knockout.

The same picture, with a first excited state very close to
the ground state, emerges in GGF calculations (see Tab. IV).
However, the two interactions give different predictions for
the ground-state spin, namely 3/2% in the case of NNLOgy,
and 1/2% for NN + 3N(Inl). In both cases, the energy of the
first excited state is comparable with those found by shell-
model calculations, around 200 keV, slightly smaller than
the experimental value. Interestingly, NNLOg, provides the
correct spin, in contrast to what is found in the K isotopes
(see discussion in Sec. VID). The rest of both spectra is
characterized by higher-lying states above 1.5 MeV, mainly
with spins of 3/2% and 5/2". The two excited states 3/2; and
5/2 found with the SDPF-MU Hamiltonian are of a highly
collective nature and are not accounted for by the correlations
currently included in GGF.

C. YC1

In Table IV, the energies and spectroscopic factors for
low-lying states in *’Cl populated via the **Ar(p, 2p) chan-
nel obtained with SDPF-MU and IMSRG calculations are
displayed. With a similar level scheme for both calculations,
it is obvious that the 3/2] and 1/2] states have a strong
overlap with proton-hole states in “®Ar. Similarities may also
be observed with “’Cl in Table II.

Due to the large momentum acceptance, other reaction
channels populating bound states of *’Cl were analyzed. At
first, the one-neutron knockout reaction **Cl(p, pn)*'Cl is
considered. The spin of the incoming **CI projectiles on the
LH, target is not known. Three low-lying states of “*Cl, very
close to each other, are predicted by the SPDF-MU calcula-
tion: the J* = 2 ground state (gs), the 0 state at 78 keV, and
the 17 state at 119 keV. From calculated B(E2) and B(M1)
values, isomerism is possible, but the decay times are small,
compared to the 655 ns necessary to cross 118 meters between
the primary and LH, target at v/c = 0.6.

Spectroscopic factors for low-lying states in *’Cl are dis-
played in Table V, assuming the **Cl projectile in one of the
three possible states, 2,7, 0 or 17. The cross sections oy are
calculated using Eq. )5 and the single-particle cross sections
calculated with the TC method [54]. The relative population
of the 1/27 vs 3/ 2;” states evolves with the spin of the *3Cl
projectile, with a maximum value found for the 0; state. In
all cases, small cross sections for the 1/2] and 3/2{ states
are obtained, compared to the experimental inclusive value
Oinc = 19.3(15) mb. The difference is even larger for the 5/ 2?
or3/ 2; levels between the calculated cross sections displayed
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TABLE IV. Spin, excitation energies, and spectroscopic factors ||(*~'Cl + p||*Ar)||?> of low-lying states for *>**7**Cl calculated with

shell-model and ab initio approaches (see Sec. VI).

SDPF-MU SDPF-MU's IMSRG GGF(NNLO,) GGF(NN + 3N(Inl))
Nucleus State Energy c?s Energy c?s Energy Cc?s Energy c?s Energy c?s
(keV) (keV) (keV) (keV) (keV)
Bl 127 gs 0.77 gs 0.75 14 0.67 110 1.51 gs 1.57
3/2F 174 2.62 264 2.54 gs 2.59 gs 1.21 140 1.62
101 172 s 1.00 gs 0.94 gs 0.79 210 1.39 n.a n.a
3/2F 33 1.85 193 1.96 8 2.29 gs 1.46 n.a n.a
e 3/2¢ gs 1.91 83 2.03 gs 2.53 gs 1.48 160 1.44
172 419 1.40 gs 1.27 135 1.05 230 1.51 gs 1.49

in Table V and the experimental value 12.7(15) mb obtained
for the structure around 600 keV.

These differences can be understood by considering the
population of higher lying states, as suggested in Fig. 8 from
the SDPE-MU calculation in the simplest case of “*Cl in the
07 state. While the ground state is mainly populated in the
removal of a 1p;,, neutron, the distributions of the 3 /2% and
7/2% states populated by 1 p3y2 and Of7/, neutron removal
are spread at higher excitation energies. These high-lying
states do not necessarily decay directly to the ground state.
Depending on the level density at high excitation energy and
possibly complex branching ratios, the low-lying levels may
be indirectly populated. This could explain the large cross
section associated with the 600 keV structure, while the direct
population of 5/2] or 3/25 by one-neutron removal is much
smaller in Table V. Contrarily, the SDPF-MU calculation
predicts a strong direct population of the 3/27 (2113 keV)
and 3/ 2Z (2348 keV) states, with a large branching ratio for
the direct decay to the ground state, consistent with a weak
feeding of the first excited state.

Therefore, the nonobservation of the 148 keV transition in
Fig. 6(b) could be related to the selectivity of the one-neutron
knockout reaction populating either the ground state or states
lying at much higher excitation energy with specific decay-
paths which do not feed the 148 keV state.

The broad structure observed at 600 keV may have two
different origins consistent with data, as shown in Fig. 7: (i)

In the hypothesis (1), two states at 578 and 634 keV directly
decay to the ground state with no—or very weak—decay
towards the first excited state at 148 keV. Their excitation
energies are compatible with the 5/2] and 3/27 predicted
in the IMSRG or SDPF-MU calculations. From energies and
B(E2) and B(M1) values obtained in the SDPF-MU calcula-
tion, a prompt decay to the ground state is predicted either for
the 5/2{ or 3/2F level, which supports the assumption of a
doublet at 578 and 634 keV, rather than a single state at 624
keV with lifetime. (i7) In the hypothesis (2), only one state at
634 keV decays either to the ground state or the first excited
state, which are nearly degenerate in energy. The very small
energy difference (56 keV) is consistent with the IMSRG and
SDPF-MU calculations. In both calculations, two states have
an excitation energy compatible with 634 keV: the 5/2] or
3/25 states, populated either directly or from higher-lying
states. However, they are less compatible with the state at 148
keV. In order to disentangle the two hypotheses, the unam-
biguous identification of the first excited state is needed.

In the case of the multi-nucleon removal reaction
Ar(p, 2p2n), the direct population of single-particle states
in ¥7Cl is not expected to be strong in this nondirect mech-
anism, except for decay from higher-lying states. High spin
states with np-nh configurations would be more favored, like
the 7/2%, 9/2%, 11/2* states present in the shell-model cal-
culations. The nonselectivity of the multinucleon removal
process may explain the more complex decay paths resulting

TABLE V. Spin, excitation energies, and spectroscopic factors calculated with the SDPF-MU interaction for the *’Cl states populated
in the **Cl(p, pn) reaction. Three different low-lying states, 07, 27 (ground state), and 1, are considered for the incident ¢l projectiles.
Single-particle cross sections JSI,{ (E*, Ejn) are calculated with the TC method [54].

el 0, 78 keV 2, gs 17 119 keV

State E Cc?s o c?s o Ccs o

1 (keV) (mb) 0f7/2 0f's)2 1ps 1p ), (mb) 0f72 0f's/ 1ps) 1p,, (mb)
1/2f gs 0.606 5.2 0.005  0.064 0.5 0.152 0 1.2

3/2¢ 33 0.141 1.1 0.023  0.005 0213  0.099 27 0 0.018  0.541 48

5/2F 714 0.007 0.04 0.148 0 0.005  0.024 1. 0.029 0 0.006 0.2

3/2% 785 0 0 0.06 0.01 0.058  0.005 0.9 0.002  0.003 0013 0.1

3/27 2113 0.657 4.4

3/2F 2348 0.529 35

7/2% 3413 1.131 6.8
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FIG. 8. Spectroscopic factor distributions of *'Cl states popu-
lated in the one neutron knockout reaction “*Cl(p, pn) calculated for
different orbitals n¢ j, with the SDPF-MU interaction.**Cl projectiles
are taken in the 0 state.

in different feedings of the low-lying states compared to the
one-neutron knockout reaction and the presence of the 148
keV transition.

An open question remains for the energy of the first excited
state in *’Cl and whether the transition at 148 keV originates
from the decay of this state to the ground state or not. The
excitation energy E* of this state, predicted to be 3/2;r in
Table IV, is below 200 keV in all calculations. If E* is above
the experimental energy threshold around 100 keV, then the
148 keV transition is the best candidate for the transition
between this state and the ground state. However, it may be
well below the energy threshold as predicted in the SDPF-MU
and IMSRG calculations. In this case, the energy threshold
combined with the large atomic background will make it dif-
ficult to observe this transition in the experimental spectrum.
Then, the origin of the strong 148 keV transition would be
difficult to understand except for more compression in the
calculated spectra, the 3/ 2;” and 5/ ZT states being at higher
excitation energies.

GGF approach could be performed for *’Cl only with the
NNLOg,interaction, but not with the NN + 3N(Inl) interac-
tion due to problems of convergence.? The first excited state is
found at 210 keV with spin 1/2%, at variance with the results

2As suggested by the IMSRG calculations, performed with very
similar potential, the energies of the ground-state and the first ex-
cited state are presumably very close in energy for this particular

of other calculations displayed in Table IV, although all cal-
culations predict a first excited state at low energy, similar to
YCI. The 5/2] and 5/2; states are predicted at higher energy,
well above the values obtained by the SDPF-MU and IMSRG
calculations displayed in Fig. 7. Again, this can be ascribed to
collective correlations missing in the GGF approach.

To conclude on the level scheme and first excited state
in ¥Cl, a more specific experiment is needed, such as the
one-proton knockout reaction “*Ar(p, 2p) with measurement
of the momentum distribution and an appropriate energy
threshold.

D. Spin inversion over K and Cl isotopic series

The evolution of the energy difference A = E(1/2]) —
E(3/2]) with increasing neutron number N has been inves-
tigated for K isotopes [13,14] and recently extended up to
N = 34 [15]. In the context of the shell model [15], it was
proposed that the decrease of A from N = 20 to 28, roughly
linear with N, is due to the attractive interaction mwds,—v f7,2
with a maximum effect at N =28 and an associated spin
inversion. Analogously, the opposite effect beyond N = 28
and the spin re-inversion at N = 32 are ascribed to the filling
of the vpj3,, orbital and the 7 s;,,—vp;3/, interaction, which is
more attractive than the wd3,,—vp3,, one.

Ab initio GGF calculations were able to provide very
good reproduction of the evolution of A along K isotopes
[15,77]; see Fig. 9(b). In particular, the NN + 3N (Inl) Hamil-
tonian yields a remarkable agreement with the experimental
energy difference throughout the whole chain and correctly
reproduces the spin inversion and re-inversion. The NNLOgy,
Hamiltonian, in contrast, provides a good general description
of the experimental trend but a A that is too low in absolute
energy, thus failing to describe the re-inversion at >'K.

In this work, GGF calculations of A were extended to
Cl isotopes from N = 18 to N = 36; see Fig. 9(a). Around
the valley of stability, a behavior analogous to the K case
is observed with a maximum of A at N =20 and a subse-
quent decrease when neutrons are successively added on the
v f7/2 orbital. The two interactions provide similar trends with
NNLOqy shifted down roughly by 1 MeV with respect to
NN + 3N(Inl). The former (latter) predicts a spin inversion of
the ground state at N = 24 (N = 26). Experimentally, while
for N = 24, 26, and 28 isotopes the energy of the first excited
state is known, its spin (and that of the ground state) could not
be firmly established, such that only the absolute value of A
is available. Hence, none of the possibilities can be ruled out.
Beyond N = 26, a change in behavior is observed. Both avail-
able experimental data and theoretical curves remain close to
zero all the way up to N = 34. In particular, the regular trend
characterizing K isotopes, with a monotonic decrease and a
subsequent increase past N = 28, is not reproduced here. By

interaction. The iterative character of the GGF solution (as opposed
to the full diagonalization performed in valence-space calculations),
the collective nature of these states, and the not-optimal account of
quadrupole correlations [78] make the resolution of this low-lying
spectrum particularly challenging for the current GGF implementa-
tion.
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FIG. 9. Variation of the energy difference between the first 1/2%
and 3/27 states for Cl and K isotopes with the neutron number N.
GGF calculations were performed with NNLOg, and NN + 3N (Inl)
interactions. Full squares are experimental values. When only the
absolute value of the energy difference A has been established,
empty squares are added following a 1/2] or 3/2] hypothesis for
the ground state. No value is given for the calculation of ’Cl with the
NN + 3N(Inl) interaction, as explained in text. Experimental values
for #*345CI are taken from [3,19-24]; experimental values for K
isotopes are taken from [13-15].

inspecting the theoretical strength distribution, we notice that
states around the Fermi surface in Cl isotopes are much more
fragmented than in their neighboring Z + 2 isotones. The
partial occupations of 1/2% and 3/27 states thus likely washes
out the mechanism at play in the K isotopes, which relies on
“naive” occupations of s/, and wds); shells. Two different
aspects induce this behavior. First, simply two fewer protons
are available for the d3/,—v f7/, interaction to operate, with a
subsequent weakening of the attractive effect. Second, several
indications suggest that Ar nuclei around N = 28 constitute a
transitional region between spherical Ca and deformed S iso-
topes (see, e.g., a recent discussion in Ref. [76]). In particular,
44,46.48g are thought to be characterized by static deformation
with either oblate or prolate minima [83—-85]. This picture is
indeed consistent with a reduced Z = 16 gap and a mixing
of configurations involving the 7 s/, and 7 d3,, orbitals, with
a subsequent fragmentation around the Fermi surface. These
features make the study of Cl isotopes more challenging for
theoretical approaches. Future measurements aiming at pin-
ning down the sign of A between N = 24 and N = 30 will
provide a unique test bench for the development of both shell-
model interactions and ab initio methods.

VII. CONCLUSION

To summarize, spectroscopy of the neutron rich *7*°Cl
isotopes at N = 30, 32 was carried out for the first time. The
main reaction was the one-proton knockout *°Ar(p, 2p)*Cl
with detection of photons emitted in-flight, coupled to the
measurement of the momentum distributions of the residues.
Due to the large acceptance of the SAMURALI spectrome-
ter, multinucleon removal reactions were also analyzed. The
ground state of **Cl was found to be consistent with a J™ =
3/2% assignment and a 1/27% first excited state. This normal
ordering for 3/2% and 1/27% states is similar to the recently
observed °'K case, while spin inversion is still under debate
for the less neutron-rich chlorine isotopes *14>4-47Cl.
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