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Neutron-rich %%~

124In isotopes have been studied utilizing the double Penning trap mass spectrometer

JYFLTRAP at the IGISOL facility. Using the phase-imaging ion-cyclotron-resonance technique, the isomeric

states were resolved from ground states and their excitation energies measured with high precision in

121,123,124In

In 12%122[p, the 1 states were separated and their masses were measured while the energy difference between the
unresolved 5% and 8~ states, whose presence was confirmed by post-trap decay spectroscopy, was determined
to be <15 keV. In addition, the half-life of '?*Cd, T, 2 =5.98(10) s, was extracted. Experimental results were
compared with energy density functionals, density functional theory, and shell-model calculations.
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I. INTRODUCTION

Neutron-rich indium isotopes around the doubly magic
1328n nucleus are a center of attention and they are exten-
sively studied via a plethora of experimental methods, such
as mass measurements [1—4], laser spectroscopy [5,6], decay
spectroscopy [7—18], and transfer reactions [19]. It is because
nuclei around the doubly magic core are relatively simple
systems and they constitute a perfect testing ground for vari-
ous theoretical approaches [20-25]. However, indium isotopes
lying closer to the valley of stability remain largely unknown
as the experimental data are very scarce [26]. The issue is
exacerbated for the odd-odd isotopes where only a few excited
levels are known and the order of the long-lived states is not
established at all [26,27].
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Particular isomeric states have been considered of astro-
physical importance for many years [28]. In recent years,
more and more isomeric states have been added into astro-
physical calculations [29-32]. Due to differences in ground-
and isomeric-state half-lives, the release of decay heat might
be accelerated or delayed [29,32]. A sensitivity study on the
isomers behavior indicated that unknown y-ray transitions in
the '2*12*In isotopes have a non-negligible influence on the
transition rates between the ground and the isomeric states
[31]. These transitions are modelled using Weisskopf esti-
mates; however, they rely on excitation energies which are not
measured.

The masses of '2*1?*In are known with a relatively low
precision as they were only measured with transfer reaction
and S end-point studies [33]. These types of measurements
are known to have systematic issues and deviate signifi-
cantly from the more precise and accurate Penning-trap values
[34-38]. It should be noted that in the case of '*°In, the
experimental excitation energy of the 5% state derived from
the B end-point studies was replaced by an extrapolation as
the reported values deviate significantly from the mass trends
[33].

In this work, we report the first Penning-trap measure-
ment of ground-state masses and isomer excitation energies of

©2023 American Physical Society
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120-1241 Based on the observed production ratios and decay

studies, we establish the order of the long-lived states. The
results are compared with various theoretical models.

II. EXPERIMENTAL METHOD

The neutron-rich indium isotopes were produced with a
25-MeV proton beam impinging onto a 15 mg cm™2 ura-
nium target at the Ion Guide Isotope Separator On-Line
(IGISOL) facility at the University of Jyvéskyld. The fission
fragments were stopped in helium gas at a pressure of about
300 mbar, where the charge-state distribution favors singly
charged ions. The ions were extracted from the IGISOL gas
cell via a sextupole ion guide [39] to high vacuum, where
they were electrostatically accelerated to 30gkV energy
(g is the charge of ions). The ions were mass-separated using a
55° dipole magnet. The continuous ion beam with the selected
mass-to-charge ratio, A/q, was then injected into a gas-filled
radio-frequency quadrupole [40], which transformed the con-
tinuous beam into ion bunches. Next, the ion bunches were
transported to the JYFLTRAP double Penning trap mass spec-
trometer [41]. A post-trap spectroscopy setup was prepared
after JYFLTRAP to identify the states of the studied isotopes.
The isobarically clean ion bunches purified at JYFLTRAP
were implanted in a foil in front of a 500 um thick silicon
detector, next to which a single GC7020 Ge detector was
located.

In the first trap of JYFLTRAP, the ions were cooled, puri-
fied, and centered using a mass-selective buffer gas cooling
technique [42]. This process was used to select the ions
of interest from most isobaric contamination. To isolate the
isomeric state from the ground state and from nearby iso-
bars, a Ramsey cleaning method [43] was employed for
singly charged '?°-'2*In ions with Ramsey excitation patterns
(On-Off-On) 5-40-5 ms, 5-130-5 ms, 5-15-5 ms, and 5-90-5
ms, respectively. The mass measurements of ions with charge-
to-mass ratio ¢/m were performed in the second measurement
trap by determining their cyclotron frequency v, = gB/(2wm)
in a magnetic field B via a phase-imaging ion-cyclotron-
resonance (PI-ICR) technique [44-46].

The cyclotron frequency measurements of the ions of in-
terest (v.) were alternated with the similar measurements of
the reference ions (v, rr), which were interpolated to the time
of the actual measurement of the ions of interest, and the
cyclotron frequency ratio r = v rf/V, Was determined. The
final cyclotron frequency ratio was calculated as a weighted
mean of single frequency ratios with the maximum of internal
and external uncertainty [47]. The atomic mass of the ion of
interest is derived from the cyclotron frequency ratio r as

M = (Mt — zetme)r + zm. (1)
Zref

where M, is an atomic mass of the reference, m, is an
electron mass, z and z¢ are charge states of the ion of interest
and the reference ion, respectively. Only singly and doubly
charged ions were used in the measurements. The binding
energies of the missing electrons were neglected. The ions of
133Cs with a mass-excess value Ay, = —88070.943(8) keV
[33] were used as a reference for the mass measurements

of the studied indium isotopes with an exception of '**In**
ions for which ®¥Rb™ (A, = —82167.341(5) keV [33]) was
utilized.

The uncertainty due to the fluctuations of the magnetic field
and the uncertainty related to the distortion of the ion motion
projection onto the detector, as well the mass-dependent and
residual systematic uncertainties in the case when the ions
of interest and reference ions are not a mass doublet, were
taken into account [48]. When statistically feasible, count-rate
class analysis [49] was performed for determined cyclotron
frequency ratios to account for ion-ion interactions in the trap.

The cyclotron frequency in the PI-ICR method is de-
termined based on the phase difference of the ion’s radial
motions accumulated in the trap in a phase accumulation time
tacc. The phase accumulation time was chosen in such a way as
to ensure that the ground and isomeric states are separated and
that the projection of the cyclotron motion onto the detector is
not overlapping with any possible isobaric or molecular con-
tamination. The mass measurements of the Ramsey-cleaned
states in '2%12*In* jons were performed with the phase accu-
mulation time of 759, 545, 1014, and 529 ms, respectively.
The phase accumulation time for the measurement with the
122102+ jons was 552 ms and for the '**In* ions it was 1780 ms
to separate the low-lying isomeric state.

III. RESULTS

The results of the mass measurements and the comparison
with the literature values are summarized in Table I. In the
following section, we elaborate on each species.

A, 2L123p,

The mass excess of '2'In [A = —85845.0(12) keV] mea-
sured in our experiment agrees with the Atomic Mass
Evaluation 2020 (AME2020) value (Aj. = —85835(27)
keV [33]) and is 22 times more precise, while for '’In
[A = —83398.6(11) keV] it deviates from the AME2020
value (Aj, = —83429(20) keV [33]) by —30(20) keV, i.e.,
by 1.50, and is 18 times more precise. For both odd-A indium
isotopes reported in this work, the isomer excitation energy
was measured as the mass difference between the isomeric
and ground states. Our values of E, jo; = 313.94(80) keV and
E; 123 = 326.99(40) keV for 1211231y respectively, are in a
good agreement with the precise NUBASE2020 and ENSDF
values (El;,, = 313.68(7) keV and E'j,, = 327.21(4) keV
[26,27]).

B. ¥In

Three long-lived states in '*°In are known in the litera-
ture [27]. In the PI-ICR measurement, only one state could
be clearly observed. However, by limiting the count rate to
1 ion/bunch, a cluster of ions appears at approximately
90 keV below the strongly produced state (see Fig. 1), in-
dicating another state. This behavior was observed with the
accumulation times varied between 300 and 856 ms.

The final measurement of the isomeric state was done
with an accumulation time of 759 ms, while the excitation
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TABLE 1. Ground and isomeric states in

120-

'2Tn studied in this work together with their spin-parities J” and half-lives T, adopted from

the NUBASE2020 evaluation [27]. The frequency ratios r = v, ./ V. determined using the PI-ICR technique in this work, corresponding mass-
excess values A and excitation energies E, are compared to the literature values (Ay;. and E, ;) from Refs. [27,33]. The differences between
this work and the literature, Diff. = A — Ay, are added for comparison. The reference nuclides have been listed for each measurement. The
values derived from the trends in neighboring nuclei are marked by #. The states of **In™ and **In* ions were assigned to a mixture of
5% and 8~ near-lying spin states, see text for details. For these two states, an additional 8 keV systematic uncertainty is added when calculating
differences with the literature.

Nuclide Ty J™  Ref. F = Veref /Ve A (keV) Ay (keV) E, (keV) E,j. (keV) Diff. (keV)
1201 3.08(8) s 1t2 2075 0.999999 193(23)  —85709.1(31)  —85730(40) 21(40)
. 46.2(8) s 5t —85680(50)# 50(60)# 61(51)#
120x7 3 9022 1 —85619.0(16)° 12
" 47365)s g2 s 0.902205506(13) 83619.0(16) —85430(200)# 90.126) 3000200  —189(200)#
121 23.1(6) s 9/2+ 13Cs  0.909 727 8574(97) —85845.0(12)  —85835(27) —10(27)
12l 3.88(10)m 1/2= "'In 1.000 002 7875(71) —85531.1(14)  —85521(27) 313.94(80) 313.68(7) —10(27)
1222 10.3(6) s 5t 3 . —83530(80)# 40(60)# —21(80)#
In 10.84) s - Cs 0917 270 5671(99) 83550.7(12) _83280(130) 0 200140)  —271(130)
122m1y 1.5(3) s 172 Rb  0.717 863 0844(82)° —83472.9(13)
22Tn - 1.000 000 6694(25) —83474.6(31)
Weighted mean: —83473.45(92) —83571(50) 77.2(15) 0 98(50)
1231n 6.17(5)s  9/2t '3Cs  0.9247959723(88) —83398.6(11)  —83429(20) 30(20)
125mIn 47.4(4) s 1/2= '2In  1.000002 8561(35) —83071.6(12)  —83102(20) 326.99(40) 327.21(4) 30(20)
1241n 3.67(3)s 8% 13Cs 0.932340247(26)  —80910.5(32)  —80890(50) —21(50)
124mp 3.12(9)s 3T 2YIn  1.000 000 209(23) —80886.3(41)  —80870(30) 24.2(26) 20(60) —16(30)

“The order of the states is based on this work.
PConsists of only the statistical uncertainty.
“Measured with doubly charged **In*" ions.

energy was determined with accumulation times of 759 ms
and 595 ms. The determined ground-state mass excess is
A = —85709.1(31) keV while the isomer excitation energy is
E, = 90.1(26) keV. The ratio of the strongly produced isomer
to the weakly produced ground state was about 5.5 : 1.

To further investigate which long-lived states were mea-
sured, the isomerically mixed beam of '*°In was sent to the
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FIG. 1. Projection of the cyclotron motion of *’In* ions on the
position-sensitive detector obtained with the PI-ICR technique using

a phase accumulation time #,.. = 595 ms. Only bunches with a single
detected ion are shown.

post-trap decay setup in a continuous mode. The ions of
interest were purified by the first trap. However, due to a
small frequency difference between '2°In and '?°Cd, the beam
contained a small cadmium contamination. The analysis of
the B-gated y-ray spectrum [AT(y — B) < 250 ns] revealed
a presence of y-ray transitions originating from the decay of
the 8~ (355, 465, 610, 697, and 965 keV) and 5% (864 and
1294 keV) isomeric states in '2°In (see Fig. 2). Their ratio
was determined to be about 3 : 1. It should be noted that the
presence of the '?°Cd contamination does not influence this
observation as '2°Cd decays exclusively to the 1% state in
12013 [26].

Considering that (i) the ratios of the number of ions ob-
served in the PI-ICR measurement (5.5 : 1) and the y-ray
intensities of the 965- to 864-keV transitions in the decay
measurement (3 : 1) differ from each other, (ii) the pro-
duction of the 57 and 8~ states in fission was confirmed
and the production of the 11 state cannot be excluded, (iii)
production of states with higher spin is favored in fission
compared to states with lower spin [50], and (iv) an agree-
ment between the ground-state mass-excess from this work
[A = —85708.5(23) keV] and the 1T state mass excess from
the AME2020 evaluation (A = —85730(40) keV [33]), we
assign the 17 state as the ground state. At the same time,
the observed PI-ICR spot of the isomeric state is a mix-
ture of the 5t and 8 states. From the spot width, the
energy difference between the 5% and 8 states is estimated
to be below 15 keV. The uncertainty on the mass-excess
value, A = —85619.0(16) keV, consists of only the statistical
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FIG. 2. B-gated y-ray spectrum obtained for 'In and '°Cd
produced in fission reactions of "™ U and purified in the first trap,
see text for details. The energies shown in blue and orange indicate
the transitions from the 5 and 8 states in '*°In, respectively, in grey
the transition that is common for the 5% and 8~ states, in black the
transition that is common for the 1%, 5%, and 8™ states.

uncertainty and does not take into account the limit on the
energy difference between the two long-lived states.

The Qg = 5475.7(14) keV of the 120¢Tn jsomeric mixture
to the '2°Sn ground state extracted in this work is 1.1o away
from the AME2020 extrapolation for the Qg value of the first
isomeric state (Qg = 5420(50)# keV [33]). This estimation
replaced two experimental values of 5280(200) keV from
Ref. [51] and 5340(170) keV from Ref. [52] which were
deemed irregular and were proposed as good candidates for
new experimental studies [53]. It should be noted that since
the Qg value from this work is based on the mass excess of
the isomer mixture, the real Qg of the first isomeric state is
lower and, consequently, closer to the AME2020 estimate.

C. 21

Three long-lived B~ -decaying states in '*?In are known in
the literature [27]. To determine their masses and order, two
measurements were performed: the first one with the '**In*
ions produced directly in fission, while the second one with
the 2% ions produced via in-trap decay of '2>Cd*.

In the first measurement, only two spots (states) were
observed despite variation of the phase accumulation time
tace between 363 ms and 1300 ms. The final measurement
was performed with 7,.c = 1014 ms (see Fig. 3) resulting
in the mass-excess values of A = —83550.7(12) keV and
A = —83474.6(31) keV for the ground state and the isomer,
respectively. The ratio of the number of ions between lighter
state and heavier state was about 20 : 1.

During the second measurement, the fission-produced ions
of A/q = 122, containing also 1204+, were captured in the
first trap and stored there for 500 ms to allow S decay
to take place. The '*’In** ions were purified by using a
buffer-gas technique [42] and sent to the second trap for

26
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. . . . . . motilon 1
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X (mm) detected ions

FIG. 3. Projection of the cyclotron motion of '**In* ions on
the position-sensitive detector obtained with the PI-ICR technique
using a phase accumulation time f,.c = 1014 ms. Ions of '**In were
produced in proton-induced fission of "™ U. The spin assignment is
based on the post-trap spectroscopy measurements and the mass
measurement of '??In*" ions produced after 8 decay of '*>Cd, see
text for details.

the mass measurements. In the PI-ICR measurement, only
one state was observed and its mass was measured with
tace = 552 ms using 85Rb™ as reference ions. The measured
mass excess [A = —83472.9(13) keV] coincides with the
mass excess of the heavier state of '>In produced directly in
fission [A = —83474.6(31) keV].

To further investigate which states in 1221 were observed,
the purified beams of '?>Cd and '*In were sent to the post-
trap decay spectroscopy setup. In the case of the '>Cd beam,
the ions produced in uranium fission were purified in the first
trap and collected using the post-trap spectroscopy setup with
a cycle of 20 s implantation and 20 s decay time. Only a weak
1140-keV y line originating from the B decay of '?’In was
observed in the B-gated y-ray spectrum which is consistent
with an exclusive production of the 17 state in '*’In in the 8
decay of '22Cd [26]. This observation allows us to unambigu-
ously assign the 17 spin-parity to the observed isomeric state
in '%In.

In the case of the '?*In beam, the ions were sent to the
spectroscopy setup with a cycle of 30 s implantation and
30 s decay time. In the prompt B-gated y-ray spectrum,
y-ray transitions assigned to the decay of the 8~ state (407,
878, 1122, 1294, and 1301 keV) and the 5% state (1164 and
1191 keV) were observed [54] (see Fig. 4). The yield
ratio between the 8~ and 5% states, based on the 1122- and
1164-keV y rays, is about 3 : 1. Considering that (i) only two
spots were clearly visible in the PI-ICR measurement of the
fission-produced '?*In, (ii) the number-of-ions ratio between
lighter and heavier states (20 : 1) is not consistent with the
8~ -to-5% ratio from the spectroscopy studies (3 : 1), (iii) the
heavier observed state is assigned the 17 spin-parity, and (iv)
the B-particles’ decay curve of the '**In beam is consistent
with a small admixture of the 17 state, one can conclude that
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FIG. 4. B-gated y-ray spectrum obtained for '**In produced in
fission reactions of "™ U and purified in the first trap. The energies
shown in blue and orange indicate the transitions from the 5* and 8~
states in '?In, respectively, in grey the transition that is common for

the 5% and 8~ states, in black the transition that is common for the
17, 5%, and 8~ states.

the large phase spot in the PI-ICR measurement corresponds
to the unresolved 8~ and 5% states (< 15 keV), see Fig. 3.

Compared to NUBASE2020, we change the order of the
long-lived states in '22In with the 5* or 8~ states being the
ground state and the 1% state being the second isomer. How-
ever, the NUBASE2020 ordering was based on extrapolations
and g end-point studies [27].

The averaged mass-excess value for the 8~ + 57 states is
A = —83550.7(12) keV. This value is in agreement with the
AME2020 ground-state value (Aj,, = —83571(50) keV [33])
which was previously assigned to the 11 state. However, it
should be noted that the authors of the original measurement
[55] did not assign the ground state to any long-lived states
in '?’In and it was done by the evaluators based on other
available data. As in the case of '*°In, the uncertainty does
not take into account the fact it is a mixture of two long-lived
state. The weighted mass-excess value of two measurements
for the 1 isomer is A = —83473.45(92) keV and the energy
difference between 17 and 8~ 4 57 states is 77.2(15) ke V.

In addition to the y spectroscopy, the decay cycle used for
the cadmium beam enabled extraction of the '?>Cd half-life.
The Bateman’s equations were fitted to the S-particles’ decay
curve collected with the silicon detector and the '**In(17)
state half-life (T, = 1.5(3)s [27]) was provided as a prior.
Our result, Ti» =5.98(10)s, is significantly longer than
5.24(3) s from Ref. [56], 3.13(12) s from Ref. [57], and
5.5(1) s from Ref. [58] but it is in a very good agreement with
5.91(12) s [59] and 5.78(9) s [60].

D. *In

Due to large uncertainties, the order of the ground and iso-
meric states of '>*In in NUBASE2020 is not well established
[27]. In particular, the 3% state [Ay,, = —80870(30) keV] is

proposed to be the ground state despite the 8~ state being
lighter [Ay. = —80890(50) keV]. The '**In experimental
mass-excess value A = —80910.5(32) keV from our work
agrees with the AME2020 value for the 8~ state and it is 16
times more precise. The excitation energy of the studied iso-
meric state '>*"In is E, = 24.2(26) keV and it is in agreement
with the NUBASE2020 value (E, ji;, = 20(60) keV [27]).

The ground-to-isomeric-state production ratio in the
PI-ICR measurement was about 2.8 : 1. Based on the fact that
the states with higher spins are typically more populated in
proton-induced fission of "™ [50], considering both states
have similar half-lives and taking into account the agreement
between the NUBASE2020 and this work mass-excess values,
we assign the 8~ spin-parity to the ground state and 3% to the
isomer.

Based on our results, we can revise the 2*Cd decay scheme
reported in Ref. [61]. By shifting all the levels by the excita-
tion energy of the 3% state [24.2(26) keV], we note that the
11+ state is now located at 122.9(26) keV and it overlaps with
the state at 122(15) keV which was previously observed in the
(¢, *He) reaction studies [55].

IV. DISCUSSION

The experimental masses reported in this work were com-
pared with theoretical predictions of the Skyrme nuclear
density functional theory (DFT) model calculated using four
Skyrme interactions: SLy4 [62], SV-min [63], UNEDFO [64],
and UNEDFI1 [65], as well as two Skyrme-Hartree-Fock-
Bogoliubov (Skyrme-HBF) models, BSkG1 [66] and BSkG2
[67]. In addition, we provide shell-model calculations for
1241n and we compare it with known experimental results.

First, we calculated two-neutron separation energy S, de-
fined as

Son(Z,N)=AZ,N—-2)— A(Z,N)+2A,, 2)

where A(Z, N) is a mass excess of a nucleus with a given
Z and N and A, is a mass excess of a free neutron. S»,
is a sensitive probe to study structural changes, for instance
(sub)shell closures, in isotopic chains. A comparison between
experimental results from this work and AME2020 [33] as
well as the theoretical models is presented in Fig. 5(a).

Overall, there is a good agreement between this work and
AME2020; however, our values have much smaller uncer-
tainties. The S, values in the region reported in this work
(120 < A < 126) is reproduced only by the DFT model with
the UNEDF1 interaction. Other models are systematically
overestimating this observable by about 400 keV. However,
it should be noted that around A = 115 there is a considerable
shift in the S,, trend which is not reproduced by any model.

To further study the evolution of S,,, the two-neutron shell
gaps 62y,

8on(Z,N) = S20(Z,N) — Sou(Z, N +2)

3
=AZ,N+2)+ AZ,N —-2)—-2A(Z,N), ©)

are also calculated and presented in Fig. 5(b). Compared to
the AME2020 values, the trend is flattened, in particular at
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FIG. 5. A comparison of two-neutron separation energies Sy, (a),
two-neutron shell-gap energies 4,, (b), and three-point neutron gaps
A® (c) between experimental values from this work and AME2020
[33], and the theoretical models: BSkG1 (blue diamonds), BSkG2
(orange pentagons), SLy4 (purple triangles), SV-min (brown + sym-
bols), UNEDFO (grey x symbols), and UNEDF1 (green hexagons).
For the ground state of '*’In, only the statistical uncertainty was
included.

A = 124. This indicates that the slope of the S, curve stays
constant. At the same time, none of the presented models is
able to reproduce the trend of this observable in the region
reported in this work. In addition, all the interactions used
with the DFT model significantly overestimate the 3,, value at
A = 128 and this behavior is not repeated by the Skyrme-HBF
models.

The odd-even staggering parameter A®), which is under-
stood as the energy gap between masses of odd- and even-N
isotopes, is often associated with the neutron pairing gap. In
addition, it can be also used as a probe for deformation change

b
(@) -4 Cd(Zz=48) @ In(Z=49))YFLTRAP 5

12 —— Sn(Z=50) @i~ In(Z=49)AME20 |l

54 56 58 60 62 64 66 68 70 72 74 76 78 80
Neutron number N

FIG. 6. A comparison of (a) two-neutron shell-gap energies &,
and (b) three-point neutron gaps A for the even-N cadmium, in-
dium, and tin isotopic chains. Data are taken from AME2020 [33]
and this work. For the ground state of ?’In, only the statistical
uncertainty was included.

or subshell close in the isotopic chain [68,69]. It is defined as
(=N

2
+ A(Z,N —1)—2A(Z,N)] @)

APN(Z,N) = [A(Z,N+1)

and it is plotted in Fig. 5(c).

The analysis of the theoretical A'® values for the in-
dium isotopic chain shows that they are split in two groups.
The first group consists of the DFT calculations with the
UNEDF* family interaction while in the second one there
are calculations from the Skyrme-EDF and the remaining
DFT-based models. While the models from the first group are
reproducing the experimental data and the A® trends rather
well, in the region reported in this work they systematically
underestimate the reported values. On the other hand, the
models from the second group systematically overestimate
A® and they are the closest to the experimental values around
N =173.

The comparison of the 85, and A values for the even-N
species between the neighboring isotopic chains of indium
(Z = 49), cadmium (Z = 48), and tin (Z = 50) is presented
in Fig. 6. For the §,, values one can notice that the trend for
the indium and cadmium isotopic chains is almost identical,
especially after adding the new experimental masses reported
in this work. For all three elements a shift around N = 66
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FIG. 7. Comparison of the experimental (Exp.) and shell model (SM) schemes of excited states in '?*!?21%*In up to 400 keV. The
experimental scheme is based on this work and adjusted results from Refs. [55,61,71].

can be observed; however, it is more abrupt for the tin chain.
On the other hand, for the Aff) values differences are more
pronounced. In tin isotopes, there is a well-defined minimum
at N = 66, while in indium it is shifted towards N = 64 and
it is more shallow. For the cadmium chain this feature is not
present.

In Ref. [70], the discontinuity in §,, in tin isotopes was
linked to the significant breaking of the Z = 50 magic number
and interpreted as a quantum phase transition. A similarity in
the behavior of this observable in the indium isotopic chain
might indicate that this phenomenon may be also present.

The shell model calculations were performed for the odd-
odd 201221241 gpecies with the jj45pna interaction [72] using
the KSHELL code [73,74]. While a quantitative comparison
with the theory is hindered by a limited amount of experimen-
tal information (see Fig. 7), a few general observations can be
drawn.

In all three cases the ground states are predicted to be 5T.
Based on this work it might be correct for !*2In; however, for
120.12411 our results unambiguously excluded that possibility.
Also, the 97 states are predicted to be lower in energy that
the 8~ states which is not in agreement with the laser spec-
troscopy results [5]. It should be noted that in the case of '**In

the number of calculated low-lying 17 states is too low com-
pared to the S-decay study [61]. Also, the predicted number
of isomers and their spins-parities are not in agreement with
the experimental observations.

Some of the aforementioned discrepancies might be ex-
plained by an absence of proton excitation across the magic
Z =50 shell. While the jj45pn interaction has a limited
valence space and does not allow for particle excitation across
Z =50 or N = 82, it has been successfully used to explain
the structure of excited states in the isotopes lying the vicin-
ity of 91328y doubly magic nuclei [24,25,46,75,76]. At the
same time, it has been previously observed that an increase of
valence space and excitation across magic numbers were nec-
essary to explain experimental phenomena observed around
the nickel (Z = 28) [77-82] and the lead (Z = 82) [83,84]
neutron midshell regions. However, further theoretical studies
on indium isotopes are needed for a better understanding of
the measured species.

V. CONCLUSION

The mass measurements of the ground and isomeric states
in '2%-12%41n isotopes have been performed at the JYFLTRAP
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double Penning trap mass spectrometer using the PI-ICR tech-
nique. The directly measured mass values of the ground states
were significantly improved compared to the mass values
derived in AME2020 [33]. The excitation energies of the iso-
mers in 21”123 are in good agreement with the precisely
known values in NUBASE2020 [27] while for '**"In it was
determined 23 times more precisely. In >*!22In isotopes, it
was possible to separate the 17 state and the energy difference
between the 51 and 8~ states was determined to be < 15 keV.
Based on the mass measurement of the in-trap decay of '**Cd
ions, the second isomeric state in '>’In was unambiguously
assigned as the 17 state. Presence of three known long-lived
states in '2122In was confirmed by combining decay spec-
troscopy results and ratios of the numbers of detected ions.
Based on this ratio, the ground state of '>*In was assigned
to be the 8~ state and the isomer to be the 3% state. The
comparison of the experimental data with different theoretical

models revealed systematic problems in a description of the
indium isotopic chain.

ACKNOWLEDGMENTS

Funding from the European Union’s Horizon 2020 re-
search and innovation programme under Grants Agreement
No. 771036 (ERC CoG MAIDEN) and No. 861198-LISA-
H2020-MSCA-ITN-2019 are gratefully acknowledged. J.Ru.
acknowledges financial support from the Vilho, Yrjo, and
Kalle Viisild Foundation. M.H. acknowledges financial sup-
port from the Ellen & Artturi Nyyssonen Foundation.
T.E. and A.d.R. acknowledge support from the Academy
of Finland Projects No. 295207, No. 306980, and No.
327629. D.Ku. acknowledges the support from DAAD
Grant No. 57610603.

D.A.N,, J.R., and M.S. contributed equally to this work.

[1] A. Kankainen, J. Hakala, T. Eronen, D. Gorelov, A. Jokinen,
V. S. Kolhinen, I. D. Moore, H. Penttild, S. Rinta-Antila, J.
Rissanen et al., Phys. Rev. C 87, 024307 (2013).

[2] C. Babcock, R. Klawitter, E. Leistenschneider, D. Lascar, B. R.
Barquest, A. Finlay, M. Foster, A. T. Gallant, P. Hunt, B. Kootte
et al., Phys. Rev. C 97, 024312 (2018).

[3] D. Nesterenko, A. Kankainen, J. Kostensalo, C. Nobs, A. Bruce,
O. Beliuskina, L. Canete, T. Eronen, E. Gamba, S. Geldhof
et al., Phys. Lett. B 808, 135642 (2020).

[4] C. Izzo, J. Bergmann, K. A. Dietrich, E. Dunling, D.
Fusco, A. Jacobs, B. Kootte, G. Kripké-Koncz, Y. Lan,
E. Leistenschneider er al, Phys. Rev. C 103, 025811
(2021).

[5] A. R. Vernon, Ph.D. thesis, University of Manchester, 2019,
https://cds.cern.ch/record/2723917.

[6] A. R. Vernon, R. F. Garcia Ruiz, T. Miyagi, C. L. Binnersley,
J. Billowes, M. L. Bissell, J. Bonnard, T. E. Cocolios, J.
Dobaczewski, G. J. Farooq-Smith ef al., Nature (London) 607,
260 (2022).

[7]1 J. Taprogge, A. Jungclaus, H. Grawe, S. Nishimura, P.
Doornenbal, G. Lorusso, G. S. Simpson, P.-A. Soderstrom, T.
Sumikama, Z. Y. Xu et al., Phys. Rev. Lett. 112, 132501 (2014).

[8] G. Lorusso, S. Nishimura, Z. Y. Xu, A. Jungclaus, Y. Shimizu,
G. S. Simpson, P.-A. Soderstrom, H. Watanabe, F. Browne, P.
Doornenbal ef al., Phys. Rev. Lett. 114, 192501 (2015).

[9] J. Taprogge, A. Jungclaus, H. Grawe, 1. N. Borzov, S.
Nishimura, P. Doornenbal, G. Lorusso, G. S. Simpson, P. A.
Soderstrom, T. Sumikama et al., Eur. Phys. J. A 52, 347 (2016).

[10] A. Jungclaus, H. Grawe, S. Nishimura, P. Doornenbal, G.
Lorusso, G. S. Simpson, P.-A. Soderstrom, T. Sumikama, J.
Taprogge, Z. Y. Xu et al., Phys. Rev. C 94, 024303 (2016).

[11] M. Piersa, A. Korgul, L. M. Fraile, J. Benito, E. Adamska, R.
Alvarez, A. E. Barzakh, G. Benzoni, T. Berry, M. J. G. Borge
et al., Acta Phys. Pol. B 49, 523 (2018).

[12] M. Piersa, A. Korgul, L. M. Fraile, J. Benito, E. Adamska, A. N.
Andreyev, R. Alvarez—Rodrl’guez, A. E. Barzakh, G. Benzoni,
T. Berry et al. (IDS Collaboration), Phys. Rev. C 99, 024304
(2019).

[13] V. H. Phong, G. Lorusso, T. Davinson, A. Estrade, O. Hall, J.
Liu, K. Matsui, F. Montes, S. Nishimura, A. Boso e al., Phys.
Rev. C 100, 011302(R) (2019).

[14] R. Dunlop, C. E. Svensson, C. Andreoiu, G. C. Ball, N. Bernier,
H. Bidaman, V. Bildstein, M. Bowry, D. S. Cross, 1. Dillmann
et al., Phys. Rev. C 99, 045805 (2019).

[15] J. Benito, L. M. Fraile, A. Korgul, M. Piersa, E. Adamska, A. N.
Andreyev, R. Alvarez-Rodrl’guez, A. E. Barzakh, G. Benzoni,
T. Berry et al. (IDS Collaboration), Phys. Rev. C 102, 014328
(2020).

[16] K. Whitmore, C. Andreoiu, F. H. Garcia, K. Ortner, J. D. Holt,
T. Miyagi, G. C. Ball, N. Bernier, H. Bidaman, V. Bildstein
et al., Phys. Rev. C 102, 024327 (2020).

[17] M. Piersa-Sitkowska, A. Korgul, J. Benito, L. M. Fraile,
E. Adamska, A. N. Andreyev, R. Alvarez-Rodriguez, A. E.
Barzakh, G. Benzoni, T. Berry et al. (IDS Collaboration), Phys.
Rev. C 104, 044328 (2021).

[18] V. H. Phong, S. Nishimura, G. Lorusso, T. Davinson, A.
Estrade, O. Hall, T. Kawano, J. Liu, F. Montes, N. Nishimura
et al., Phys. Rev. Lett. 129, 172701 (2022).

[19] V. Vaquero, A. Jungclaus, T. Aumann, J. Tscheuschner, E. V.
Litvinova, J. A. Tostevin, H. Baba, D. S. Ahn, R. Avigo, K.
Boretzky et al., Phys. Rev. Lett. 124, 022501 (2020).

[20] C. Yuan, Z. Liu, F. Xu, P. Walker, Z. Podolyék, C. Xu, Z. Ren,
B. Ding, M. Liu, X. Liu et al., Phys. Lett. B 762, 237 (2016).

[21] H. Koura and S. Chiba, Phys. Rev. C 95, 064304 (2017).

[22] R. Utama and J. Piekarewicz, Phys. Rev. C 97, 014306 (2018).

[23] N. Shimizu, T. Togashi, and Y. Utsuno, Prog. Theor. Exp. Phys.
2021, 033DO01 (2021).

[24] H. K. Wang, Z. Q. Chen, H. Jin, Z. H. Li, G. S. Li, Y. M. Feng,
and Q. Wang, Phys. Rev. C 104, 014301 (2021).

[25] H.-K. Wang, Z.-H. Li, Y.-B. Wang, and B. Jiang, Phys. Lett. B
833, 137337 (2022).

[26] From ENSDF database as of 23.08.2023, version available at
http://www.nndc.bnl.gov/ensarchivals/.

[27] F. Kondev, M. Wang, W. Huang, S. Naimi, and G. Audi, Chin.
Phys. C 45, 030001 (2021).

[28] R. Ward and W. Fowler, Astrophys. J. 238, 266 (1980).

054301-8


https://doi.org/10.1103/PhysRevC.87.024307
https://doi.org/10.1103/PhysRevC.97.024312
https://doi.org/10.1016/j.physletb.2020.135642
https://doi.org/10.1103/PhysRevC.103.025811
https://cds.cern.ch/record/2723917
https://doi.org/10.1038/s41586-022-04818-7
https://doi.org/10.1103/PhysRevLett.112.132501
https://doi.org/10.1103/PhysRevLett.114.192501
https://doi.org/10.1140/epja/i2016-16347-y
https://doi.org/10.1103/PhysRevC.94.024303
https://doi.org/10.5506/APhysPolB.49.523
https://doi.org/10.1103/PhysRevC.99.024304
https://doi.org/10.1103/PhysRevC.100.011302
https://doi.org/10.1103/PhysRevC.99.045805
https://doi.org/10.1103/PhysRevC.102.014328
https://doi.org/10.1103/PhysRevC.102.024327
https://doi.org/10.1103/PhysRevC.104.044328
https://doi.org/10.1103/PhysRevLett.129.172701
https://doi.org/10.1103/PhysRevLett.124.022501
https://doi.org/10.1016/j.physletb.2016.09.030
https://doi.org/10.1103/PhysRevC.95.064304
https://doi.org/10.1103/PhysRevC.97.014306
https://doi.org/10.1093/ptep/ptab022
https://doi.org/10.1103/PhysRevC.104.014301
https://doi.org/10.1016/j.physletb.2022.137337
http://www.nndc.bnl.gov/ensarchivals/
https://doi.org/10.1088/1674-1137/abddae
https://doi.org/10.1086/157983

HIGH-PRECISION MEASUREMENTS OF LOW-LYING ...

PHYSICAL REVIEW C 108, 054301 (2023)

[29] S.-i. Fujimoto and M.-a. Hashimoto, Mon. Notices Royal
Astron. Soc.: Lett. 493, L103 (2020).

[30] G. W. Misch, S. K. Ghorui, P. Banerjee, Y. Sun, and M. R.
Mumpower, Astrophys. J. Suppl. Ser. 252, 2 (2020).

[31] G. W. Misch, T. M. Sprouse, M. R. Mumpower, A. J. Couture,
C. L. Fryer, B. S. Meyer, and Y. Sun, Symmetry 13, 1831
(2021).

[32] G. W. Misch, T. M. Sprouse, and M. R. Mumpower, Astrophys.
J. Lett. 913, L2 (2021).

[33] M. Wang, W. Huang, F. Kondev, G. Audi, and S. Naimi, Chin.
Phys. C 45, 030003 (2021).

[34] D. Nesterenko, L. Canete, T. Eronen, A. Jokinen, A. Kankainen,
Y. Novikov, S. Rinta-Antila, A. de Roubin, and M. Vilen, Int. J.
Mass Spectrom. 435, 204 (2019).

[35] Z. Ge, T. Eronen, A. de Roubin, D. A. Nesterenko, M.
Hukkanen, O. Beliuskina, R. de Groote, S. Geldhof, W. Gins,
A. Kankainen et al., Phys. Rev. C 103, 065502 (2021).

[36] T. Eronen, Z. Ge, A. de Roubin, M. Ramalho, J. Kostensalo, J.
Kotila, O. Beliushkina, C. Delafosse, S. Geldhof, W. Gins et al.,
Phys. Lett. B 830, 137135 (2022).

[37] M. Ramalho, Z. Ge, T. Eronen, D. A. Nesterenko, J. Jaatinen,
A. Jokinen, A. Kankainen, J. Kostensalo, J. Kotila, M. L
Krivoruchenko et al., Phys. Rev. C 106, 015501 (2022).

[38] M. Hukkanen, W. Ryssens, P. Ascher, M. Bender, T. Eronen,
S. Grévy, A. Kankainen, M. Stryjczyk, L. Al Ayoubi, S. Ayet
et al., Phys. Rev. C 107, 014306 (2023).

[39] P. Karvonen, I. Moore, T. Sonoda, T. Kessler, H. Penttild, K.
Perdjirvi, P. Ronkanen, and J. Aysté, Nucl. Instrum. Methods
Phys. Res. B 266, 4794 (2008).

[40] A. Nieminen, J. Huikari, A. Jokinen, J. Aysto, P. Campbell, and
E. Cochrane, Nucl. Instrum. Methods Phys. Res. A 469, 244
(2001).

[41] T. Eronen, V. S. Kolhinen, V. V. Elomaa, D. Gorelov, U. Hager,
J. Hakala, A. Jokinen, A. Kankainen, P. Karvonen, S. Kopecky
et al., Eur. Phys. J. A 48, 46 (2012).

[42] G. Savard, S. Becker, G. Bollen, H.-J. Kluge, R. Moore, T. Otto,
L. Schweikhard, H. Stolzenberg, and U. Wiess, Phys. Lett. A
158, 247 (1991).

[43] T. Eronen, V.-V. Elomaa, U. Hager, J. Hakala, A. Jokinen,
A. Kankainen, S. Rahaman, J. Rissanen, C. Weber, and
J. Aysto, Nucl. Instrum. Methods Phys. Res. B 266, 4527
(2008).

[44] S. Eliseev, K. Blaum, M. Block, C. Droese, M. Goncharov,
E. Minaya Ramirez, D. A. Nesterenko, Y. N. Novikov, and L.
Schweikhard, Phys. Rev. Lett. 110, 082501 (2013).

[45] S. Eliseev, K. Blaum, M. Block, A. Dorr, C. Droese, T. Eronen,
M. Goncharov, M. Hocker, J. Ketter, E. M. Ramirez ez al., Appl.
Phys. B 114, 107 (2014).

[46] D. A. Nesterenko, T. Eronen, A. Kankainen, L. Canete, A.
Jokinen, I. D. Moore, H. Penttil4, S. Rinta-Antila, A. de Roubin,
and M. Vilen, Eur. Phys. J. A 54, 154 (2018).

[47] R. T. Birge, Phys. Rev. 40, 207 (1932).

[48] D. A. Nesterenko, T. Eronen, Z. Ge, A. Kankainen, and M.
Vilen, Eur. Phys. J. A 57, 302 (2021).

[49] C. Roux, K. Blaum, M. Block, C. Droese, S. Eliseev, M.
Goncharov, F. Herfurth, E. M. Ramirez, D. A. Nesterenko, Y. N.
Novikov et al., Euro. Phys. J. D 67, 146 (2013).

[50] V. Rakopoulos, M. Lantz, S. Pomp, A. Solders, A. Al-Adili, L.
Canete, T. Eronen, A. Jokinen, A. Kankainen, A. Mattera et al.,
Phys. Rev. C 99, 014617 (2019).

[51] J. Kantele and M. Karras, Phys. Rev. 135, B9 (1964).

[52] K. Aleklett, E. Lund, and G. Rudstam, Phys. Rev. C 18, 462
(1978).

[53] W. J. Huang, M. Wang, F. G. Kondev, G. Audi, and S. Naimi,
Chin. Phys. C 45, 030002 (2021).

[54] B. Fogelberg and P. Carlé, Nucl. Phys. A 323, 205
(1979).

[55] FE. Ajzenberg-Selove, E. R. Flynn, J. W. Sunier, and D. L.
Hanson, Phys. Rev. C 17, 960 (1978).

[56] G. Rudstam, P. Aagaard, P. Hoff, B. Johansson, and
H.-U. Zwicky, Nucl. Instrum. Methods Phys. Res. 186, 365
(1981).

[57] B. Grapengiesser, E. Lund, and G. Rudstam, J. Inorg. Nucl.
Chem. 36, 2409 (1974).

[58] B. Grappengiesser, E. Lund, and G. Rudstam, Neutron-rich nu-
clides obtained using the OSIRIS facility (CERN, Switzerland,
1970), http://cds.cern.ch/record/867113.

[59] B. Grapengiesser, Technical Report, Forskningsraadens Lab.,
Studsvik, Sweden, 1974, http://inis.iaea.org/search/search.
aspx?orig_q=RN:06184237.

[60] @. Scheidemann and E. Hagebg, J. Inorg. Nucl. Chem. 35, 3055
(1973).

[61] J. C. Batchelder, N. T. Brewer, C. J. Gross, R. Grzywacz,
J. H. Hamilton, M. Karny, A. Fijalkowska, S. H. Liu, K.
Miernik, S. W. Padgett et al., Phys. Rev. C 94, 024317
(2016).

[62] E. Chabanat, P. Bonche, P. Haensel, J. Meyer, and R. Schaeffer,
Nucl. Phys. A 635, 231 (1998).

[63] P. Kliipfel, P.-G. Reinhard, T. J. Biirvenich, and J. A. Maruhn,
Phys. Rev. C 79, 034310 (2009).

[64] M. Kortelainen, T. Lesinski, J. Moré, W. Nazarewicz, J. Sarich,
N. Schunck, M. V. Stoitsov, and S. Wild, Phys. Rev. C 82,
024313 (2010).

[65] M. Kortelainen, J. McDonnell, W. Nazarewicz, P.-G. Reinhard,
J. Sarich, N. Schunck, M. V. Stoitsov, and S. M. Wild, Phys.
Rev. C 85, 024304 (2012).

[66] G. Scamps, S. Goriely, E. Olsen, M. Bender, and W. Ryssens,
Eur. Phys. J. A 57, 333 (2021).

[67] W. Ryssens, G. Scamps, S. Goriely, and M. Bender, Eur. Phys.
J. A 58, 246 (2022).

[68] M. Bender, K. Rutz, P. G. Reinhard, and J. A. Maruhn, Eur.
Phys. J. A 8, 59 (2000).

[69] T. Duguet, P. Bonche, P.-H. Heenen, and J. Meyer, Phys. Rev.
C 65, 014311 (2001).

[70] T. Togashi, Y. Tsunoda, T. Otsuka, N. Shimizu, and M. Honma,
Phys. Rev. Lett. 121, 062501 (2018).

[71] M. Rejmund, A. Navin, S. Biswas, A. Lemasson, M. Caamafio,
E. Clément, O. Delaune, F. Farget, G. de France, B. Jacquot
et al., Phys. Lett. B 753, 86 (2016).

[72] R. Machleidt, Phys. Rev. C 63, 024001 (2001).

[73] N. Shimizu, arXiv:1310.5431.

[74] N. Shimizu, T. Mizusaki, Y. Utsuno, and Y. Tsunoda, Comput.
Phys. Commun. 244, 372 (2019).

[75] C. Lorenz, L. G. Sarmiento, D. Rudolph, P. Golubeyv,
T. Eronen, D. A. Nesterenko, A. Kankainen, L. Canete,
D. M. Cox, A. Fernandez et al., Phys. Rev. C 99, 044310
(2019).

[76] S. Y. Jin, S. T. Wang, J. Lee, A. Corsi, K. Wimmer, F. Browne,
S. Chen, M. L. Cortés, P. Doornenbal, T. Koiwai et al., Phys.
Rev. C 104, 024302 (2021).

054301-9


https://doi.org/10.1093/mnrasl/slaa016
https://doi.org/10.3847/1538-4365/abc41d
https://doi.org/10.3390/sym13101831
https://doi.org/10.3847/2041-8213/abfb74
https://doi.org/10.1088/1674-1137/abddaf
https://doi.org/10.1016/j.ijms.2018.10.038
https://doi.org/10.1103/PhysRevC.103.065502
https://doi.org/10.1016/j.physletb.2022.137135
https://doi.org/10.1103/PhysRevC.106.015501
https://doi.org/10.1103/PhysRevC.107.014306
https://doi.org/10.1016/j.nimb.2008.07.022
https://doi.org/10.1016/S0168-9002(00)00750-6
https://doi.org/10.1140/epja/i2012-12046-1
https://doi.org/10.1016/0375-9601(91)91008-2
https://doi.org/10.1016/j.nimb.2008.05.076
https://doi.org/10.1103/PhysRevLett.110.082501
https://doi.org/10.1007/s00340-013-5621-0
https://doi.org/10.1140/epja/i2018-12589-y
https://doi.org/10.1103/PhysRev.40.207
https://doi.org/10.1140/epja/s10050-021-00608-3
https://doi.org/10.1140/epjd/e2013-40110-x
https://doi.org/10.1103/PhysRevC.99.014617
https://doi.org/10.1103/PhysRev.135.B9
https://doi.org/10.1103/PhysRevC.18.462
https://doi.org/10.1088/1674-1137/abddb0
https://doi.org/10.1016/0375-9474(79)90108-8
https://doi.org/10.1103/PhysRevC.17.960
https://doi.org/10.1016/0029-554X(81)90928-9
https://doi.org/10.1016/0022-1902(74)80448-3
http://cds.cern.ch/record/867113
http://inis.iaea.org/search/search.aspx?orig_q=RN:06184237
https://doi.org/10.1016/0022-1902(73)80002-8
https://doi.org/10.1103/PhysRevC.94.024317
https://doi.org/10.1016/S0375-9474(98)00180-8
https://doi.org/10.1103/PhysRevC.79.034310
https://doi.org/10.1103/PhysRevC.82.024313
https://doi.org/10.1103/PhysRevC.85.024304
https://doi.org/10.1140/epja/s10050-021-00642-1
https://doi.org/10.1140/epja/s10050-022-00894-5
https://doi.org/10.1007/s10050-000-4504-z
https://doi.org/10.1103/PhysRevC.65.014311
https://doi.org/10.1103/PhysRevLett.121.062501
https://doi.org/10.1016/j.physletb.2015.11.077
https://doi.org/10.1103/PhysRevC.63.024001
http://arxiv.org/abs/arXiv:1310.5431
https://doi.org/10.1016/j.cpc.2019.06.011
https://doi.org/10.1103/PhysRevC.99.044310
https://doi.org/10.1103/PhysRevC.104.024302

D. A. NESTERENKO et al.

PHYSICAL REVIEW C 108, 054301 (2023)

[77] S. Leoni, B. Fornal, N. Mdrginean, M. Sferrazza, Y. Tsunoda,
T. Otsuka, G. Bocchi, FE. C. L. Crespi, A. Bracco, S. Aydin
et al., Phys. Rev. Lett. 118, 162502 (2017).

[78] B. Olaizola, L. M. Fraile, H. Mach, A. Poves, F. Nowacki, A.
Aprahamian, J. A. Briz, J. Cal-Gonzdlez, D. Ghita, U. Koster
et al., Phys. Rev. C 95, 061303(R) (2017).

[79] M. Stryjczyk, Y. Tsunoda, 1. G. Darby, H. De Witte, J. Diriken,
D. V. Fedorov, V. N. Fedosseev, L. M. Fraile, M. Huyse, U.
Koster et al., Phys. Rev. C 98, 064326 (2018).

[80] X. F. Yang, Y. Tsunoda, C. Babcock, J. Billowes, M. L. Bissell,
K. Blaum, B. Cheal, K. T. Flanagan, R. F. Garcia Ruiz, W. Gins
et al., Phys. Rev. C 97, 044324 (2018).

[81] B. Olaizola, L. M. Fraile, H. Mach, F. Nowacki, A. Poves, A.
Aprahamian, J. A. Briz, J. Cal-Gonzdlez, D. Ghita, U. Koster
et al., Phys. Rev. C 99, 024321 (2019).

[82] Y. Ichikawa, H. Nishibata, Y. Tsunoda, A. Takamine, K.
Imamura, T. Fujita, T. Sato, S. Momiyama, Y. Shimizu, D. S.
Ahn et al., Nat. Phys. 15, 321 (2019).

[83] B. A. Marsh, T. Day Goodacre, S. Sels, Y. Tsunoda, B. Andel,
A. N. Andreyev, N. A. Althubiti, D. Atanasov, A. E. Barzakh,
J. Billowes et al., Nat. Phys. 14, 1163 (2018).

[84] S. Sels, T. Day Goodacre, B. A. Marsh, A. Pastore, W. Ryssens,
Y. Tsunoda, N. Althubiti, B. Andel, A. N. Andreyev, D.
Atanasov et al., Phys. Rev. C 99, 044306 (2019).

054301-10


https://doi.org/10.1103/PhysRevLett.118.162502
https://doi.org/10.1103/PhysRevC.95.061303
https://doi.org/10.1103/PhysRevC.98.064326
https://doi.org/10.1103/PhysRevC.97.044324
https://doi.org/10.1103/PhysRevC.99.024321
https://doi.org/10.1038/s41567-018-0410-7
https://doi.org/10.1038/s41567-018-0292-8
https://doi.org/10.1103/PhysRevC.99.044306

