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High-precision Penning-trap mass measurements of Cd and In isotopes at JYFLTRAP remove
the fluctuations in the two-neutron separation energies
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We report on the first direct mass measurements of the ''811°Cd and '""~'"°In isotopes performed at the Ion
Guide Isotope Separator On-Line facility using the JYFLTRAP double Penning trap mass spectrometer. The
masses of ''"In and !'®Cd isotopes are in agreement with the literature, while ''8!"°In and '°Cd differ from
literature by 49, 13, and 85 keV (6.1, 1.9, and 2.1 standard deviations), respectively. The excitation energy of the
Y811 first isomeric state, E, = 40.3(25) keV, was determined for the first time. The updated mass values removed
the fluctuations observed in the two-neutron separation energies and led to a smoother linear decrease of both
isotopic chains. The log(ft) value for the ''®Cd decay was also found to increase from 3.93(6) to 4.089(8). The
reported results indicate an absence of significant structural changes around N = 70.
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I. INTRODUCTION

One of the most fundamental properties of a nucleus is its
mass or in other words its binding energy. It contains a sum
of all interactions between constituent protons and neutrons.
An analysis of mass trends throughout isotopic chains, e.g.,
two-neutron separation energies, provides key information re-
garding changes in nuclear structure of the ground state. For
example, shell closures appear as a steep decrease in the two-
neutron separation energies after a magic neutron number has
been crossed, while onset of deformation manifests as kinks in
the otherwise smooth, linear decrease of the two-neutron sepa-
ration energies (see, e.g., Refs. [1-3]). Cadmium (Z = 48) and
indium (Z = 49) isotopic chains exhibit small deviations to
the otherwise linear trend in two-neutron separation energies
[4]. Atomic masses are also important for decay spectroscopy
studies. The B-decay energy window Qg, which is a mass
difference between the parent and daughter nuclides, is a key
ingredient to calculate log(ft) values [5].
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While decay-energy measurements used to be important
in the determination of atomic masses [6], nowadays more
precise and accurate methods, such as Penning-trap mass
spectrometry (PTMS), are used. PTMS studies performed on
nuclei away from stability indicated that many S-decay mea-
surements had underestimated Qg values [7]. This problem
was associated with complex decay schemes and the pande-
monium effect [7]. The problem with the S-decay reliability
was also observed around the valley of stability, with a striking
example of a pair of stable nuclei, '®>Pd and '“’Ru. Their
Qgpp value differs by ten standard deviations (100) between
the SHIPTRAP PTMS study [8] and the decay and reaction
studies [7]. An independent JYFLTRAP PTMS measurement
[9], in agreement with SHIPTRAP, proves the reliability of the
Penning trap measurements.

The masses of neutron-rich isotopes of '°132Cd and
120-134In have been studied with ISOLTRAP at CERN
[10-12], JYFLTRAP at the Ion Guide Isotope Separator
On-Line (IGISOL) facility [13-16], Canadian Penning Trap
(CPT) at Argonne National Laboratory [17,18], and TITAN
at TRIUMF [19-21]. Nonetheless, the masses of the less
exotic species are only known from transfer-reaction [22-24]
and S-decay [25,26] studies. Thus, high-precision mass mea-
surements are required to determine whether the deviations
in mass trends are real effects arising from nuclear struc-
ture effects or due to potentially inaccurate mass values in

©2023 American Physical Society
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literature. It should be also noted that the excitation energies
of the isomeric states in !'®In are currently unknown as the
available data were deemed unreliable by the evaluators of the
Atomic Mass Evaluation 2020 (AME20) [6].

In this work we report on the first mass measurements of
the neutron-rich '"#1°Cd and '"""'"In isotopes performed
using the JYFLTRAP double Penning trap. The influence of
the newly obtained mass values on binding-energy trends and
log(ft) values is discussed.

II. EXPERIMENTAL METHOD

The radioactive species were measured in three indepen-
dent experiments performed at the IGISOL facility at the
University of Jyviskyld. The '"®!"°Cd and '"In isotopes
were produced in proton-induced fission using a 25-MeV
proton beam, delivered by the K130 cyclotron, with a
15-mg/cm?-thick "™ target for the cadmium isotopes and a
15-mg/cm?-thick 232Th target for !'°In. The !'"-!'®In isotopes
were produced in a fusion-evaporation reaction of a 50-MeV
o beam with a 2.2-mg/cm?-thick ™ Cd target. In all three
experiments the reaction products were stopped in a helium-
filled gas cell operating at about 300 mbar during the fission
runs and about 250 mbar during the fusion-evaporation run.
From the gas cell, the ions were extracted, guided through
a sextupole ion guide [27], accelerated to 30g kV, and sep-
arated with respect to their mass-to-charge ratio A/g by a 55°
dipole magnet. After that, the continuous beam was injected
into the helium buffer gas-filled radio-frequency quadrupole
cooler-buncher [28]. Finally, from there the bunched beam
was sent into the JYFLTRAP double Penning trap mass
spectrometer [29].

In the first (purification) trap of JYFLTRARP, the delivered
ions were cooled, purified, and centered using a mass-
selective buffer gas cooling technique [30]. This resulted in
the extraction of only the ion of interest while removing
the majority of isobaric contaminants. For 'Cd, the Ram-
sey cleaning method [31] with Ramsey excitation patterns
(on-off-on) 5-120-5 ms was used to remove possible con-
tamination of ''8In ions. The purified ions of interest were
sent to the second (measurement) trap where their mass-over-
charge ratio m/q was determined using the phase-imaging ion
cyclotron resonance (PI-ICR) technique [32-35] by measur-
ing their cyclotron frequency v, = gB/(2rm) in a magnetic
field B.

In the PI-ICR method, the cyclotron frequency is extracted
based on the phase differences between radial motions of
an ion after a phase accumulation time 7, (see Fig. 1).
The 7, value was set to 800 and 408 ms for !'$11°Cd
and 458, 484, and 363 ms for "71819In  respectively.
These times were chosen to avoid an overlap between the
projections of the ion of interest and possible isobaric con-
taminants or an isomeric state. The magnetic field B was
determined precisely by measuring a cyclotron frequency
veret Of reference ions, either 133Cst, delivered from the
IGISOL offline surface ion source [36] and whose mass-
excess value Ay, = —88070.943(8) keV [4] is known with
high precision, or isobaric species produced together with the
ion of interest.
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FIG. 1. Projection of the cyclotron motion of "'8In*, !8mip+,

8m21n+ states and the isobaric contaminants ''8Cd* and ''8Sn*
ions onto the position-sensitive detector obtained with the PI-ICR
technique. The phase accumulation time was set to #,.c = 484 ms
and a time-of-flight gate of 64-70 us was used. The position of the
center spot is indicated with the + symbol.

The atomic mass M is connected to the frequency ratio
r = Ve ref/Ve between the singly charged reference ions and
the ions of interest:

M = r(Mes — m,) + m,, (D

where m, and M,s are the mass of a free electron and the
atomic mass of the reference, respectively. For cases where
the isobaric species were used as a reference, the energy dif-
ference between them (the Q value) was extracted as follows:

0 = (r — D[Myer — m,1c?, 2)

where c is the speed of light in vacuum.

Contribution from electron binding energies are on the
order of a few eV and have thus been neglected. The mea-
surements of the ion of interest and the reference ion were
alternated to account for the temporal magnetic field fluctua-
tions. To account for possible ion-ion interactions, in the case
of "7In* and "8Cd* mass measurements a count-rate class
analysis was performed [35,37,38], while for the cases with
significantly lower statistics the count rate was limited to one
detected ion per bunch. The temporal magnetic field fluctua-
tion of 6B/B = 2.01(25) x 1072 min~! x 8¢, where 8¢ is the
time between the measurements, and systematic uncertainties
due to the magnetron phase advancement and the angle er-
ror were taken into account in the analysis [35]. For cases
measured against the '3 Cs™ reference ions, a mass-dependent
uncertainty of §,,r/r = —2.35(81) x 107'%/u x (Mys — M)
and a residual systematic uncertainty of 8sr/r = 9 x 107°
were also added [35]. A detailed description of systematic
effects in JYFLTRAP can be found in Ref. [35].
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TABLE I. Nuclides studied in this work together with their half-lives (71,,) and spins and parities (/™) taken from the literature [39].
The frequency ratios r = v /v, determined using the PI-ICR technique, the reference ions (Ref.), corresponding mass-excess values A,
excitation energies E,, and differences Diff. = A — Ay, are tabulated and compared to the literature values from Refs. [4,39]. The # symbol
denotes extrapolated mass values based on systematics.

Nuclide Ti» JT Ref. 7= Veref/ Ve A (keV) Ay, (keV) E, (keV) E.j. (keV) Diff. (keV)
18cd 50.3(2) min ot 133Cs  0.887148498(16) —86690.0(20) —86702(20) 12(20)
19¢d 2.692)min  1/2F 133Cs  0.894693884(17) —84064.8(21) —83980(40) —85(40)
19 cgm 2202)min  11/2=  3Cs  0.894695039(18) —83921.7(22) —83830(40)  143.1(31) 146.54(11) —91(40)
7y 43.2(3) min 9/2+  gp™  1.000010471(24) —88942.9(26) —88943(5) 0(6)
181 5.0(5) s 1+ 850 1.000039843(17) —87277.1(20) —87228(8) —49(8)
H8pm! 4364(7) min  5* 8Sn  1.000040210(13) —87236.8(16) —87130(50)# 40.3(25)  100(50)}#  —107(50)#
18pym2 8.5(3) s 8~ 8Sn 1.000041470(13) —87098.4(15) —86990(50)# 178.7(25) 240(50)#°* —108(50)#
191 2.4(1) min 9/2+ 133Cs  0.894664421(17) —87712.2(21) —87699(7) —13(7)
m™  18.0(3) min 1/2- "In  1.000002811(31) —87400.9(40) —87388(7) 311.435) 311.37(3) —13(8)

*The energy difference between '*In™! and '"8In"? is 138.29(14) keV:; see text for details.

III. RESULTS

The results obtained in this work and their comparison with
the literature values [4,39] are presented in Table I. The details
are discussed in the following subsections.

A. 118,119Cd

All of the cadmium species reported in this work were
measured against the '*3Cs* reference ions. The mass-excess
value of ''8Cd, A = —86690.0(20) keV, is in agreement with
the AME20 value (A, = —86702(20) keV [4]) based on the
O-value measurement of the ''°Cd(s, p)“SCd reaction [22].
Our new value is ten times more precise.

At the same time, the ''"Cd ground-state mass excess,
A = —84064.8(21) keV, is 85 keV (2.10) lower than the
literature value, Ay, = —83980(40) keV [4]. A similar dis-
crepancy of 91 keV was observed for ''""Cd™. The isomer
excitation energy extracted in this work, E, = 143.1(31) keV
is within 3.4 keV (1.10) from the precise NUBASE20 value,
E, 1. = 146.54(11) keV [39].

The mass of !'Cd in the AME20 evaluation is known only
from a single B-decay study [26]. This fact can explain the
discrepancy with our work as this technique was shown to be
much less accurate compared to the Penning-trap measure-
ments; see, e.g., Refs. [40—45].

B. 117—1191rl

The mass of the ''7In ground state was measured against
the isobaric ''7Sn™ isotope (Aj. = —90083.1(5) keV [4])
strongly produced in the fusion-evaporation reaction. The
extracted Q value of 1140.2(26) keV resulted in the mass
excess of A = —88942.9(26) keV. It is in agreement with the
AME20 value (Aj, = —88943(5) keV [4]) based mostly on
the B-decay measurement [25] but it is twice more precise.

In '""®In all three states known in the literature [39]
were observed (see Fig. 1) and they were measured against
the isobaric ''¥Sn isotope (Aj. = —91652.8(5) keV [4]).
The extracted Q values for the ground state and the
first and second isomeric states are 4375.7(19), 4416.0(15)
and 4554.4(14) keV, respectively, and they resulted in

the mass excesses of —87277.1(20), —87236.8(16) and
—87098.4(15) keV, respectively.

The energy difference between the first and the sec-
ond isomeric state in ''8In extracted in this work,
0("81In"?) — Q("¥In™') = 138.4(21) keV, is in perfect
agreement with the energy difference between the 8~ and 5%
states in ''8In, AE = 138.29(14) keV'. Based on this fact, we
assign the first and the second isomers as the 57 and the 8~
states, respectively, while the ''8In ground state is the 1+ state.
This level ordering is in agreement with the one proposed in
the NUBASE20 evaluation [39].

The ground state mass excess of ''®In from this work,
A = —87277.1(20) keV, is 49(8) keV (6.10) lower than
the literature value (A, = —87228(8) keV [4]) and it is
four times more precise. The Qg value of the first iso-
meric state was known from the B-decay measurement
(Qp = 4300(100) keV [48]); however, this result was deemed
irregular by the AME20 evaluators and was not used for the
mass determination [6]. In this work, the mass-excess value
of the "®In first isomeric state was determined directly for the
first time and it is 107(50) keV lower than the NUBASE20
extrapolation [39] while that of the second isomeric state
is 108(50) keV lower. It should be noted that the first-
isomer mass excess, A = —87236.8(16) keV, is in agreement
with the literature value for the ground-state mass excess,
Ay = —87228(8) keV [4].

The mass-excess value of In, A = —87712.2(21) keV,
was measured against '3°Cs. It differs from AME20 by
13(7) keV (1.90) and it is three times more precise.
The isomer excitation energy extracted in this work,
E, =311.4(35) keV, is in agreement with the more precise
NUBASE20 value (E, ji;. = 311.37(3) keV [39]).

The mass of !'8In was determined exclusively from a single
transfer reaction study [6] reported in Ref. [24]. The results
from this publication have also the biggest weight (86% [6])
in the '"°In mass determination. The remaining 13% is based

'This value is a weighted average of 138.2(5) keV from a
y-spectroscopy study [46] and 138.30(15) keV from a conversion-
electron study [47].
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FIG. 2. A comparison of (a) two-neutron separation energies Sy,
and (b) two-neutron shell-gap energies §,, for the Cd isotopic chain
between AME20 [4] and the results from this work.

on the 1205n(d, 3He)“gln study reported in Ref. [23], while
the B-decay measurement [26] has a weight of about 1%.
Our results allow us to conclude that the calibration used in
Ref. [24] was most likely not correct. It should be noted that
since the mass of ''°Cd is partially based on the Q,g(“9In)
value [6], our updated '"°In mass value also affects the mass
of '°Cd.

IV. DISCUSSION

To analyze the influence of the updated mass-excess val-
ues, the two-neutron separation energies S,, were calculated
and compared to the AME20 [4] values. They are defined as

Son(Z,N)=A(Z,N —2) — A(Z,N) 4+ 2A,, 3)

where A(Z, N) is a mass excess of a nucleus with given proton
(Z) and neutron (N) numbers and A, is the mass excess of a
free neutron. In addition, the two-neutron shell-gap energies
824, Which show the differences between the S5, values and
are defined as

82n(Z,N) = Soy(Z,N) — $2u(Z, N + 2), “

are also extracted. For the indium isotopic chain, we have also
included the recent JYFLTRAP results for '2°'?In reported
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FIG. 3. A comparison of (a) two-neutron separation energies S,
and (b) two-neutron shell-gap energies 4,, for the In isotopic chain
between AME20 [4], the work by Nesterenko et al. [16], where
mass values of '2'2*In are reported, and the combined results from
JYFLTRAP (this work and Nesterenko et al. [16]). The close-up of
the S, curve around N = 70 is plotted in the inset.

by Nesterenko et al. [16] as they were published after the
AME20 evaluation cutoff date [4].

In the cadmium isotopic chain a significant staggering of
the S,, values observed around A = 119 (N = 71) disappears
when the mass-excess values reported in this work are used;
see Fig. 2(a). One can notice that the new values are smooth-
ing the trend while removing the small deviations at A = 119
(N =71) and A = 121 (N = 73). This effect is even more
visible when analyzing the §,, values; see Fig. 2(b).

In the case of the indium isotopic chain, the biggest dif-
ferences in the S,, chain are observed for A = 118 (N = 69)
and A = 120 (N = 71), where the updated mass values are
leading to a more linear trend; see Fig. 3(a). The influence of
the results from this work is more visible in the §,, plot [see
Fig. 3(b)]. In particular, a dip in the trend at A = 118 (N = 69)
almost disappears, making the §,, curve smoother.

Changes in the mass trends can be interpreted as an indica-
tion of a (sub)shell closure or an onset of nuclear collectivity
[1]. However, for isotopic chains considered in this work,
our new mass measurements result in a clear smoothing of
their respective S,, trends. As a result, we must come to the
conclusion that the previously observed irregularities in the
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TABLE II. A comparison of the log(f?) values for the
ACd(O;)—> AIn(lT) decay calculated with the log(f?) cal-
culator [52] using the Qp and the half-lives T, values from
AME20/NUBASE20 [4,39] with the results from JYFLTRAP (this
work and Ref. [16]).

A 118 120 122
0Op (keV) 527(21) 1770(40) 2960(50)
AME20 Tip 50.3(2) min  50.80(21)s  5.24(3)s
log(ft) 3.93(6) 4.09(4) 4.02(4)
Op (keV)  587.1(28) 1752.1(46)  2861.1(25)
JYFLTRAP Tip 50.3(2) min  50.80(21) s 5.98(10) s
log(ft) 4.089(8) 4.077(5) 4.019(8)

S, trends were not due to a change in the structure of the
nuclei in the region but rather arose from imprecise mass ex-
cess values extracted from B-decay and reaction studies. This
conclusion is consistent with the laser-spectroscopy studies of
charge radii and electromagnetic moments [49-51], where no
significant deviations were reported around that mass region
for either cadmium or indium isotopes.

To further test the hypothesis of an absence of a structure
change in the N & 70 mass region, the log(ft) values between
the parents, even-even cadmium isotopes, and the daughters,
the odd-odd indium isotopes, were calculated for !!8120:122Cq
isotopes. These values provide direct access to the structure of
the initial and the final states as they are linked to the reduced
transition probabilities. The log(ft) values can be extracted
when the Qg, half-life, and the branching ratio values to a
given state are known.

The updated masses of A = 118 isotopes from this work
are leading to a new Qg value for 18Cd and, consequently,
a reevaluated log(ft) value. For comparison, the log(f?) was
also extracted for 12*122Cd using the new mass-excess values
and a new half-life for '?>Cd reported in Ref. [16]. These
three isotopes are particularly interesting as they are decay-
ing exclusively to the long-lived 1 states in the In isotopes
[53], allowing, on the one hand, an extraction of the log(f7)
values with high precision and, on the other hand, to study
pure Gamow-Teller 8 decays. The comparison between the
results from the AME20/NUBASE20 evaluations [4,39] and
JYFLTRAP (this work and Ref. [16]) is presented in Table II.

For '2%122Cd the JYFLTRAP log(ft) values are consistent
with the AME20/NUBASE20 results; however, they have a
higher precision. It is worth noting that in the case of '2Cd a
decrease of the Qg value by about 100 keV (~20) was com-
pensated by a significant increase of the half-life, from 5.24(3)
t0 5.98(10) s, as reported in Ref. [16]. The mass measurements
of ''8Cd and !'®In reported in this work resulted in an increase
of Qg from 527(21) [4] to 587.1(28) keV. This has led to a
significant change of the log( ft) value for ''8Cd, from 3.93(6)
to 4.089(8), which is now in line with the '*%!22Cd cases.

Our analysis indicates that with an increasing number of
neutrons the structure of the cadmium and indium isotopes
is not changing significantly. In addition, it can be deduced
that the main components of the wave functions in both iso-
topic chains remain dominant as the extracted log(ft) values
(~4.05) are relatively low even for the allowed 0t — 1%
decays; see Fig. 9(a) in Ref. [5].

V. CONCLUSIONS

The masses of neutron-rich ''$11°Cd and ''"~!"In isotopes
were measured for the first time using the JYFLTRAP double
Penning trap. The extracted mass-excess values for '*Cd and
"n are in agreement with AME20 [4]; however, they are
ten and two times more precise, respectively. In case of ''°Cd
and "'®'"°In, the measured masses differ from the evaluation
[4] by 85 keV (6.10), 49 keV (1.90), and 13 keV (2.10),
respectively.

The excitation energy of the ''’In isomer is in agree-
ment with the more precise NUBASE20 value [39] while for
19¢d™ it differs by 1.1 (3.4 keV). All three long-lived states
in '"®In were observed and the isomer excitation energies were
extracted for the first time. The energy difference between
82 and "3In™!| AE = 138.4(21) keV, extracted in this
work is in agreement with the literature energy difference
between the 8~ and 5 states, AE = 138.29(14) keV [46,47].
This fact was used for the identification of the measured states.

The updated mass values have removed the irregularities
observed earlier in the two-neutron separation energies and
two-neutron shell gap curves for both isotopic chains. In
particular, the staggering observed around N = 70 has dis-
appeared. The reevaluated log(ft) value for the ''8Cd decay
increased from 3.93(6) to 4.089(8) and it is now similar to the
two more neutron-rich '2%:122Cd isotopes.

Our results indicate that there are no significant struc-
tural changes, such as a subshell closure or a change of
deformation, in either cadmium or indium isotopes at around
N =70. They also show the importance of measuring ra-
dioactive species close to stability as the previously used
experimental methods were often lacking the required
accuracy.
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