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j Jozef Stefan Institute, Jamova cesta 39, Ljubljana, SI-1000 Ljubljana, Slovenia
k National Centre for Nuclear Research, Pasteur 7, Warszawa, 02-093, Poland
l University of Edinburgh, Edinburgh, EH9 3FD, United Kingdom
m University of Jyväskylä, Seminaarinkatu 15, Jyväskylä, 40014, Finland
n Helsinki Institute of Physics, Helsinki, 00014, Finland
o Flerov Laboratory of Nuclear Reactions, JINR, Dubna, 141980, Russia
p Tel Aviv University, Tel Aviv, 6997801, Israel
q Soreq Nuclear Research Center, Yavne, 81800, Israel
r Doctoral School in Engineering and Applications of Lasers and Accelerators, University Polytechnica of Bucharest, Bucharest, 060811, Romania
s Technische Universität Darmstadt, Karolinenpl. 5, Darmstadt, D-64289, Germany
t Johannes Gutenberg-Universität Mainz, Mainz, 55099, Germany
u High Energy Nuclear Physics Laboratory, RIKEN, 2-1 Hirosawa, Wako, Saitama, 351-0198, Japan
v Institute for Analytical Instrumentation, RAS, Petersburg, 190103, Russia

a r t i c l e i n f o a b s t r a c t

Article history:
Received 27 September 2022
Received in revised form 23 February 2023
Accepted 6 March 2023
Available online 8 March 2023

Direct mass measurements of neutron-deficient nuclides around the N = 50 shell closure below 100Sn 
were performed at the FRS Ion Catcher (FRS-IC) at GSI, Germany. The nuclei were produced by projectile 
fragmentation of 124Xe, separated in the fragment separator FRS and delivered to the FRS-IC. The masses 
of 14 ground states and two isomers were measured with relative mass uncertainties down to 1 × 10−7
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using the multiple-reflection time-of-flight mass spectrometer of the FRS-IC, including the first direct 
mass measurements of 98Cd and 97Rh. A new Q EC = 5437 ± 67 keV was obtained for 98Cd, resulting in a 
summed Gamow-Teller (GT) strength for the five observed transitions (0+ −→ 1+) as B(GT) = 2.94+0.32

−0.28. 
Investigation of this result in state-of-the-art shell model approaches accounting for the first time 
experimentally observed spectrum of GT transitions points to a perfect agreement for N = 50 isotones. 
The excitation energy of the long-lived isomeric state in 94Rh was determined for the first time to be 
293 ± 21 keV. This, together with the shell model calculations, allows the level ordering in 94Rh to be 
understood.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license 
(http://creativecommons .org /licenses /by /4 .0/). Funded by SCOAP3.
1. Introduction

The mass of a nucleus reflects its total binding energy and can 
be measured directly by high-precision mass spectrometry. The 
mass is one of the most fundamental properties in the study of 
nuclear structure [1]. Isotopes in the medium-heavy and neutron-
deficient region near the N = 50 and N = Z lines are of special 
interest for nuclear structure studies as this region of the nu-
clear chart exhibits numerous unique phenomena [2–6]. Of these 
isotopes, the heaviest doubly-magic N = Z nucleus, 100Sn, is the 
most desirable to study and attracts considerable attention [7,8]. 
Independent measurements of the properties of 100Sn, such as the 
Q EC value [9,10] or the production cross-section [11] do not agree, 
which called for additional investigations [12]. Associated with the 
contradicting experimental results for the Q EC are also large dis-
crepancies in the Gamow-Teller strength B(GT). In general, strong 
resonances in Gamow-Teller (GT) transitions are observed for the 
isotopes decaying by β+ or Electron Capture (EC) processes. The 
resonance is known to occur as a result of the interaction between 
the nucleons in the configuration of 1g9/2 and 1g7/2 orbitals near 
the N = Z = 50 shell closure [13–16] and the accessible Gamow-
Teller strength distribution within the large Q EC values close to the 
proton drip-line. Necessary input parameters for the determination 
of the B(GT) are the Q EC values, half-lives, decay branching ratios 
and the level scheme of daughter nuclei. The most precise deter-
mination of Q EC value is obtained by direct mass measurements 
of the mother and daughter nuclei. However, the production of ex-
otic isotopes close to the proton drip-line and in the vicinity of 
the N = Z line is challenging due to the very low production cross 
sections. As a result, their mass has often been measured indirectly 
with poor mass accuracy and not for all relevant isotopes so far. In 
addition, there are many cases in the literature, where the Q value 
determination based on β-end-point measurements were wrong 
by hundreds of keV [17–19] and were later corrected by the direct 
mass measurements [6,20,21]. There are also examples mentioned 
in AME20 tables C and D [22].

By measuring the masses of nuclei, one can also study the ap-
pearance of excited metastable states, known as nuclear isomers. 
The properties of nuclear isomers [23–25] are also of great im-
portance for understanding the structure of nuclei. Nuclear-shape 
deformations and excitation of nucleons in their shell levels can 
result in a major spin change compared to the corresponding 
ground state. Isomeric states can be investigated by high-precision 
mass spectrometry, yielding direct proof of their existence and 
determination of their excitation energy relative to the ground 
state. During the last two decades, high-resolution direct mass 
measurements of isomers were mainly performed with storage 
rings [26,27] and Penning traps [28,29]. The recent improvement 
of the Multiple-Reflection Time-Of-Flight Mass Spectrometer (MR-
TOF-MS) technique with high resolving power [30] has facilitated 
the discovery and study of low-lying isomeric states [31,32]. The 
FRS Ion Catcher (FRS-IC) at the fragment separator [33] at GSI 
offers unique conditions for production and high-precision mea-
2

surements of the ground-state and isomeric-state masses of exotic 
nuclei [34–36].

The nuclear structure at N = 50 was studied experimentally by 
measuring 14 isotopes and 2 isomers in that region of the nuclear 
chart, and the results were used to benchmark state-of-the-art 
large scale shell-model calculations and thus provide an improved 
basis for the predictions of the nuclear structure of 100Sn.

2. Experiment

The FRS Ion Catcher (FRS-IC) [36] is an experimental setup in-
stalled at the final focal plane of the fragment separator FRS [33]
at GSI. The FRS in combination with the FRS-IC enables exper-
iments with trapped exotic nuclei. The FRS-IC consists of three 
main parts: (i) the gas-filled Cryogenic Stopping Cell (CSC) [37–39]
for slowing-down and thermalization of the exotic nuclei produced 
at relativistic energies, (ii) a Radio-Frequency Quadrupole (RFQ) 
beamline [35,40–42] for mass-selective transport and differential 
pumping, (iii) the MR-TOF-MS [34,35] for performing direct mass 
measurements, which entails a unique combination of performance 
parameters - fast (∼ms), accurate, broadband and non-scanning 
[34] operation. The mass measurement is done by injecting ions 
into the isochronous Time-Of-Flight (TOF) analyzer and confining 
them for a given number of turns between two electrostatic mir-
rors. The ions with different mass-to-charge ratio (m/q), obtain 
different velocities and are spatially separated in their path-line in 
the TOF analyzer. The Mass-Range Selector (MRS) [34] at the center 
of the analyzer can also cut a certain range of masses by apply-
ing deflecting pulses while ions pass through it. The ions are then 
ejected from the TOF analyzer by opening the exit mirror toward 
the detector for recording the TOF for the different m/q species.

In the experiments reported here, the exotic nuclei and their 
isomeric states were produced via projectile fragmentation in two 
experiments. Experiment I was performed with an 800 MeV/u 
124Xe projectile beam with an intensity of up to 1.5 · 109 ions per 
spill, a typical spill length of 3 s and a repetition rate of 0.2 Hz on a 
beryllium production target with an areal density of 8045 mg/cm2. 
The FRS was centered on 98Cd. The mono-energetic degrader at 
the central focal plane had an areal density of 737 mg/cm2. The 
fragments were then stopped and thermalized in the cryogenic 
stopping cell (CSC) of the FRS-IC operating with helium at 100±1 
K and 110±5 mbar corresponding to an areal gas density of 
5.3±0.25 mg/cm2, and with a mean ion extraction time of about 
70 ms from the CSC. The ions were then transported to the MR-
TOF-MS for the high-precision mass measurements. Experiment II 
was performed with a 600 MeV/u 124Xe projectile beam with an 
intensity of up to 1 · 109 ions per spill, with a typical spill length 
of 500 ms and a repetition rate of 0.25 Hz on a beryllium produc-
tion target with an areal density of 1622 mg/cm2. The centered 
fragment in the FRS was 94Rh. The mono-energetic degrader at 
the central focal plane had an areal density of 737 mg/cm2. The 
CSC operated at a pressure of 75±5 mbar and a temperature of 
82±1 K, corresponding to an areal density of 4.4±0.36 mg/cm2

helium. This results in a mean ion extraction time of about 200 ms 

http://creativecommons.org/licenses/by/4.0/
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Table 1
Measured mass excess (ME) values for ground states and the excitation energies of isomers (EX). † Mass 
excess value reported in AME2020 [22] based on the β-end-point energy measurements. ∗ Assignment to 
ground and isomeric states previously uncertain. For the nuclides with previously known masses a Birge ratio 
of 0.86 was obtained.

Nuclide Calibrant ME/EXFRS−IC ME/EXAME20 Difference Number Exp.
/ keV / keV / keV of events

94Ru 12C19
3 F3 −82556 ± 34 −82584 ± 3 28 ± 34 69 (II)

94Rh∗ 12C16
2 O19F3/12C19

3 F3 −72885 ± 20 −72908 ± 3 23 ± 20 338 (II)
94mRh∗ 12C16

2 O19F3/12C19
3 F3 293 ± 21 - - 64 (II)

96Ru 96Pd −86075 ± 28 −86080 ± 0.17 5 ± 28 15 (I)
96Rh 96Pd −79655 ± 40 −79688 ± 10 33 ± 41 10 (I)
97Rh 96Pd −82550 ± 19 −82600 ± 40 † 50 ± 44 77 (I)
97mRh 96Pd fixed 258.76 ± 0.18 - 4 (I)
97Pd 96Pd −77824 ± 59 −77806 ± 5 −18 ± 59 6 (I)
97Ag 96Pd −70940 ± 19 −70904 ± 12 −36 ± 22 54 (I)
97mAg 96Pd 608 ± 73 620 ± 40 −12± 48 4 (I)
98Pd 96Pd −81326 ± 21 −81321 ± 5 −5 ± 22 102 (I)
98Cd 96Pd −67633 ± 60 −67640 ± 50 † 7 ± 78 7 (I)
99Ag 12C19

2 F4 −76709 ± 33 −76712 ± 6 3 ± 33 53 (I)
100Pd 12C19

2 F4 −85202 ± 60 −85213 ± 18 11 ± 63 5 (I)
100Ag 12C19

2 F4 −78095 ± 31 −78138 ± 5 43 ± 32 12 (I)
100Cd 12C19

2 F4 −74194 ± 12 −74195 ± 2 0.7 ± 12 74 (I)
101In 12C19

2 F4 −68559 ± 25 −68545 ± 12 −14 ± 28 17 (I)
from CSC. In both experiments, a mass resolving power of 400,000 
to 500,000 was achieved.

The development and validation of the MR-TOF-MS data analy-
sis procedure is presented in a separate publication [43]. To con-
vert time-of-flight into mass calibrant ions are used; all (see Tab. 1) 
have negligible small mass uncertainties. Mass values, their un-
certainties and rates of the measured isotopes are obtained after 
fitting the mass peaks to a Hyper Exponentially-Modified Gaussian 
(Hyper-EMG) function [44]. The procedure allows accurate mass 
determination even for the most challenging conditions, including 
very low numbers of events and overlapping mass peaks. Unre-
solved isomeric states are reflected as an additional uncertainty 
contribution to the evaluation of the ground-state mass (AME, ap-
pendix B4 [22]). In the mass measurements reported in Ref. [30], 
a total relative uncertainty down to 1.7 · 10−8 was achieved.

3. Results

The mass measurements are summarized in Table 1. The Birge 
ratio [45] is calculated for the isotopes with known direct mass 
measurements to be 0.86, thus showing the excellent agreement 
with literature values. For 97Ag, the isomer-to-ground-state ratio 
of 0.079 ± 0.019 was obtained and is in agreement with Ref. [31]. 
As the mass accuracy reported here is similar to the one reported 
in [31] we calculate the weighted average of the mass excess value 
to −70914 ± 10 keV

The excitation energy of the isomeric state in 94Rh is mea-
sured for the first time and is determined to be 293 ± 21 keV. The 
measured mass distribution of 94g,mRh ions and the correspond-
ing fitted curves are shown in Fig. 1, where two measurements are 
combined and weighted by their errors. For the 94Rh nucleus, two 
states with half-lives of the order of a minute are reported in liter-
ature. The relative order of the two states and their assigned spins 
is currently under discussion. In NUBASE 2020 [46], the ground 
state is assigned to the (4)+ state with a half-life of 70.6 s. For the 
isomeric state, a spin-parity of (8)+ and a half-life of 25.8 s with 
only an extrapolated value for excitation energy (#300 keV) has 
been reported. The spin-parity assignment of the ground state is 
based on a β-end-point measurement of the (4)+ state, which was 
reported originally as a (3)+ state, with a half-life of 70.6 s [47]. 
3

In this reference, a Q EC value of 10.0±0.4 MeV for 94Rh decaying 
to 94Ru was reported and it was assigned to the isomeric state of 
94mRh. However, shell model calculations [48] disagree with this 
assignment, predicting the state with 70.6 s half-life to be an ex-
cited state at 145 keV with spin-parity (4)+ and the (8)+ state to 
be the ground state with 25.8 s half-life.

The ground state of 97Rh is measured for the first time in a di-
rect mass measurement. The previous mass evaluation is from the 
β-end-point energy Q EC = 3520 ± 40 keV. This value is a weighted 
average of two different measurements [49,50]. The ground state 
of 97Rh and the low-lying isomeric state 97mRh are fitted by us-
ing a double Hyper-EMG function with a fixed distance between 
the ground state and the isomeric state of 258.76 ± 0.18 keV 
known from gamma spectroscopy [51]. This allows the determi-
nation of the ground-state mass even though the isomeric state 
is not fully resolved (Fig. 1). Note, the peak shapes are carefully 
determined from a high statistics calibrant peak and only the cen-
troid and the ratio between the ground and isomeric state are free 
parameters in the fit of 97m,g Rh. An isomer-to-ground state ratio 
of 0.064 ± 0.043 was determined. Our measurement improves the 
uncertainty on the mass access by more than a factor 2 and shows 
that the nucleus is 50 keV less bound compared to the previous 
mass evaluations from β-end-point measurements.

The mass of the ground-state of 98Cd is measured directly for 
the first time. The previous measurements, which are the basis 
of the mass value reported in the AME2020 [22], are from the 
β-end-point energy measurement with Q EC = 5430 ± 40 keV pub-
lished in the conference proceeding reports [52,53]. A recent mea-
surement also reported the beta-end point energy of 2790 ± 80
keV for the β-decay to the 1691 keV state of 98Ag resulting 
in a Q EC = 5503 ± 80 keV [10]. Another value is also reported 
as Q EC = 5330 ± 140 keV evaluated based on a semi-empirical 
method in Ref. [54]. The high sensitivity and reliability of the MR-
TOF-MS setup provides the possibility of a mass measurement with 
a very-low number of identified ions. This has been verified in 
previous experiments using the FRS-IC [31,30]. A further bench-
mark is the high mass-accuracy achieved with only 5-6 counts 
(97Pd and 100Pd) in this paper. 98Cd (7 counts) was analyzed us-
ing the same technique, see (Fig. 1). An expected background of 
1.7 ± 0.2 counts under the peak is determined from the measure-
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Fig. 1. Mass spectrum of 98Cd ions (top panel), 94Rh ions (middle panel) and 97Rh 
ions (bottom panel). For 98Cd and 97Rh the data were fitted with a Hyper-EMG 
function with one exponential tail on each side. For 94Rh the ground state (red 
curve) and isomeric state (blue curve) were fitted with a double Hyper-EMG with 
one exponential tail on the left side. The difference in peak shapes is due to the 
different ion-optical tuning of the MR-TOF-MS. An isomer-to-ground state ratio of 
0.19(4) and 0.064(43) were determined for 94Rh and 97Rh, respectively. The his-
togram of the measured spectrum (black data points) is only drawn to guide the 
eye; the data analysis was based on the unbinned data (rug graph) below the mass 
spectrum using the weighted Maximum Likelihood procedure described in Ref. [55].

ment. The probability of having 7 background events based on the 
expected background is only 0.15%. The possibility that an unex-
pected contamination peak lies beneath the 98Cd is included in the 
uncertainty of the mass value [43]. From the particle identification 
of the FRS and the known efficiencies of the setup we expect 4 
events of 98Cd, thus in very good agreement with the measured 
rate. A mass excess value of −67633 ± 60 keV was determined for 
4

the ground state of 98Cd. Note that the production of 98Cd by pro-
jectile fragmentation of 124Xe has a cross section of 18 nb [11]
only, which further illustrates the high sensitivity of the FRS-IC.

4. Assigned level scheme for the nuclide 94Rh

From our mass measurement, it was possible to directly mea-
sure the excitation energy of 293 ± 21 keV for the isomeric state 
of 94mRh for the first time, a similar excitation energy of 270.09 ±
0.08 keV as for the (4)+ isomer in the neighboring 92Tc isotope. 
This is already a strong indication that both isotopes should have a 
similar level scheme for the first excited states; (8)+ ground state 
and (4)+ isomeric state [46]. The ME value of the present experi-
ment for the ground state of 94Rh is 23±20 keV higher than the 
AME2020 value.

Previously, 94Rh was investigated in Penning-trap measure-
ments at JYFLTRAP [56]. There, only one state was measured in the 
fusion reaction 40Ca+58Ni. This reaction was also studied at SHIP at 
GSI [57]. In this measurement, the grow-in behavior of the 25.8 s 
and the 70.6 s states were compared. The 25.8 s (high spin) state 
is produced directly in the reaction, while the 70.6 s state (lower 
spin) showed a feeding from the β-decay of 94Pd. Based on the re-
sults from Kurcewicz et al. [57] and employing an additional study 
of the states in 94Ru, Weber et al. [56] assigned the mass mea-
sured at JYFLTRAP to the (8)+ state, following the argument that 
fusion-evaporation reactions generally tend to produce higher spin 
states. In addition to the ME value of the (8)+ state in 94Rh, the 
ground state masses of 94Pd and 94Ru were measured at JYFLTRAP 
and SHIPTRAP [56]. With the subsequent measurement of these 
three isotopes, it was possible to determine Q EC values of the β-
decays of 94Pd and of the (8)+ state of 94Rh. This has yielded Q EC
values of 6809.6±6.3 keV and 9673.1±5.9 keV, respectively. The 
Q EC values of the β-decays of 94Pd and of the 70.6 s state of 94Rh, 
which was assigned to a spin-parity of (4)+ , were obtained via the 
total γ -ray absorption techniques [58]. They measured Q EC values 
of 6700±320 keV and 9750±320 keV, respectively. The ME value 
of 94Rh was investigated by the Canadian Penning Trap (CPT) mass 
spectrometer [59,60] as well. In this measurement, only one state 
was observed and they followed the same arguments as Weber et 
al. to assign the measured value to the (8)+ in 94Rh.

The mass measurement of the isomeric state was now possi-
ble, because of (i) the different method (MR-TOF-MS have a larger 
mass range together with a larger dynamic range and higher sensi-
tivity compared to the previous penning trap measurements) and 
(ii) the isotopes have been produced in projectile-fragmentation 
reaction, in this work, which is known to be the preferred method 
for low spin states. For the isomeric state, the literature data are 
very controversial. The directly-measured excitation energy with 
the MR-TOF-MS in combination with the spin-parity assignment 
above disentangles the level scheme of 94Rh and fixes all levels 
on an absolute scale, which have only been measured relative to 
the isomeric state. The resulting level scheme is shown in Fig. 2. 
The additional information on the level scheme are taken from 
the Evaluated Nuclear Structure Data File (ENSDF), published in 
Ref. [61].

Calculations in several different shell model approaches were 
performed. The πν(p1/2, g9/2) model space and a 76Sr core were 
used with an empirically fitted isospin-asymmetric interaction (GF) 
[62] and an isospin-symmetric empirical fit (HB) [48]. The latter 
served as the basis for a comprehensive binding energy extrapola-
tion in the triangle 76Sr, 88Sr and 100Sn relative to 88Sr [48]. Fur-
thermore, Large Scale Shell Model (LSSM) calculations have been 
performed in the full πν r3g model space between 56Ni and 100Sn 
using the JUN45 interaction [63] and in the full n = 4 harmonic 
oscillator sdg shell. This latter valence space has the advantage 
of incorporating Z , N = 50 core excitations and contains full 0h̄ω
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Fig. 2. Experimental level scheme of 94Rh versus shell model calculations for various 
interactions and model spaces. The suggested assignment of the spins of the ground 
and isomeric states is based on mass measurements (previous Penning trap and the 
MR-TOF-MS measurements presented here) of the long-lived state together with 
the theoretical shell model calculations in this work. The direct measurement of 
both states and thus the excitation energy was derived in this measurement for the 
first time. The red color shows the entangled states affected by the direct measure-
ment of isomer. The further level information is taken from the ENSDF, published 
in Ref. [61].

correlations for E2 and Gamow-Teller operators. The correspond-
ing hamiltonian is the SDGN effective interaction [64–66,9] which 
provides excellent spectroscopy in the A = 90 − 120 region. The 
largest diagonalizations achieved in this study were for the Yrast 
band of 94Rh with 15 · 109 basis states dimension.

The results yield a good agreement with experiment except for 
the relative isomer position in the HB approach. This, however, 
should not be an argument for the existence of isospin-asymmetry 
in the interaction, as JUN45 is an isospin symmetric interaction 
and reproduces the isomer energy very well. The deviations for 
the newly established energy of the 1+ state in 94Rh as observed 
in Gamow-Teller (GT) decay of 94Pd are due to their content of 
core-excited configurations. This is demonstrated in the calculation 
including sdg model space where the agreement is remarkable.

5. Systematic studies of nuclides at the N = 50 shell closure

The nuclear structure and shell evolution around the N = 50
shell closure can be studied by direct mass measurements. Two-
neutron separation energy and shell gap are among the observ-
ables which can be derived from these mass measurements. The 
shifted two-neutron shell gap (shifted for N + 2 due to lack of 
experimental data for N = 48) is described as �2n(Z , N + 2) =
M(Z , N) −2 ·M(Z , N +2) +M(Z , N +4) [12]. This observable is also 
the basis for the argument in a recent article by M. Mougeot et al. 
[12] about the correct Q EC value and the corresponding binding 
energy reported for the doubly-magic 100Sn. Currently there ex-
ist two contradictory measurements [9,10]. Fig. 3 shows �2n for 
N = 50. The sudden jump based on the Q EC measured in Ref. [10]
was unfavored in comparison to the theoretical ab-initio calcula-
tions and the behavior of �2n for N = 28. The red stars show �2n

influenced by the improved mass values of 97Ag (weighted average 
of this work and [31]), 97Rh and 98Cd reported in this work. Now 
all N = 50 isotones are measured directly, besides 100Sn, with high 
precision. These results confirm the general trend in the N = 50
isotones and thus further support the conclusion made in [12]
about favoring the Q EC reported in Ref. [9].

6. Gamow-Teller transition’s strength

The Gamow-Teller transition in β-decay refers to a configura-
tion in which the spins of the emitted electron and antineutrino 
(or positron and neutrino) are parallel, coupling to total spin S = 1, 
leading to an angular momentum change � J = 0, ±1 between the 
5

Fig. 3. The shifted two-neutron shell gap at N = 50. The gray circles are the liter-
ature values [22], the dark blue triangle and light blue square are from Ref. [12]
rejecting the recent Q EC measured [10] due to a sudden unexpected jump in the 
shifted two-neutron shell gap. The red stars show �2n influenced by the improved 
mass values of 97Ag (weighted average of this work and [31]), 97Rh and 98Cd re-
ported in this work. Note, the previous direct mass measurement of 97Ag mass 
measurement was not used in the similar plot in [12].

initial and final states of the nucleus. The transition probability or 
strength of the decay strongly depends on the underlying shell 
structure and it is usually distributed among several states. The 
strength of the β-decay is usually referred to for direct compar-
ison of the transition probability in different nuclei, independent 
of energy and atomic number Z in mother nuclei, and can be de-
scribed as follows for a single-state transition [10]:

B(GT) = 2π3h̄7 ln(2)

m2
e c4G2

F V 2
ud(G A/G V )2 f t1/2

= 3885 ± 14 s

f (Z , ε0)t1/2

where f (z, ε0)t1/2 value is the comparative half-life calculated 
by knowing the decay energy Q EC, half-life t1/2 and the decay 
scheme. The f (z, ε0)t1/2 value is proportional to the fifth power 
of Q EC, thus very sensitive in B(GT) determinations. G A/G V is the 
weak coupling constant. G F and V ud are the Fermi coupling con-
stant and the CKM matrix element, respectively. c is speed of light 
and me is electron mass.

The experimentally observed GT strengths accessible within the 
respective Q EC windows have shown to be systematically lower 
than the predicted ones by the nuclear shell model (see for ex-
ample Ref. [67]). A hindrance factor resulting from dividing the 
theoretical by the experimental B(GT) values is calculated and of-
ten discussed as having two origins. The first one due to the cal-
culation being performed in a limited (truncated) model space as 
compared to a calculation in a full (non-truncated) model space, 
containing all orbitals within a major oscillator shell. The second is 
due to higher-order correlations that have very similar average val-
ues for the p-, sd-, f p-shells (see Refs. [68–70]). This higher-order 
“global” suppression of the expected β-decay rates was often sim-
ulated by an effective coupling constant quenched by a factor of 
about 0.75 [67,14]. Recently, this quenching factor was explained 
using chiral effective field theory combined with two-body cur-
rents although small corrections are still possible due to neglected 
higher-order contributions to currents and Hamiltonians in that 
approach [71]. As one approaches 100Sn and the Q EC values in-
crease, all of the GT strength lies within the Q EC window and the 
GT resonances can be studied in β+ decay. Another aspect is that 
the GT strength centroids for even-even nuclei are lower than for 
the odd-mass nuclei, and thus decay studies using beta-delayed 
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Fig. 4. The Gamow-Teller strength B(GT) for (0+ −→ 1+) transitions for even-even 
N = 50 isotones (top panel) and N = 52 isotones (bottom panel). The B(GT) values 
are calculated based on the latest information from the nuclear data sheets. The 
black star at Z = 48 shows the previously-reported value for 98Cd as in Ref. [54]. 
The black triangle shows the value reported in Ref. [53]. The red circle shows the 
new B(GT) value calculated for 98Cd based on the first direct mass measurement 
(this work) and all the recent information. The non-filled black squares show the
B(GT) values for 100Sn reported in Refs. [9] and [10]; the non-filled circle shows 
the new updated value [9] considering the improved half-life uncertainty [46]. The 
LSSM calculations are shown with the solid line with the GT strength summed 
for the experimentally observed decaying states, and with dashed line for the to-
tal strength contained in the QEC window.

high-resolution gamma-spectroscopy could be considered as re-
liable, while generally only total absorption gamma-spectroscopy 
can guarantee the correct estimation of all decay branches, espe-
cially the ones de-exciting by low-intensity high-energy gamma-
cascades. This is known as the so-called Pandemonium problem 
(Refs. [72,73]). For 100Sn (N = Z = 50) so far the highest GT 
strengths have been reported [9,13,10] for the decay of 100Sn to 
the single state of 1+ in 100In. Fig. 4 represents the GT strength 
of the even-even isotones on N = 50 (top panel), where the main 
strength comes from a change of proton from the shell 1g9/2 to a 
neutron in shell 1g7/2 during the β transition, separated by a large 
energy gap at N = 50.

A new Q EC = 5437 ± 67 for 98Cd nuclide was deduced from 
the mass of 98Cd measured in this work and the mass of daugh-
ter nuclide 98Ag from literature [22]. The new Q EC agrees with the 
previous reports obtained from the β-end-point energy measure-
ments. Using the new Q EC from this work, the improved half-life 
(t1/2 = 9.3 ± 0.1 s) from Ref. [74] and the log( f t) values calculated 
from Ref. [75] together with the recent decay scheme presented 
in Ref. [76], the summed Gamow-Teller strength (B(GT)) for the 
five observed transitions (0+ −→ 1+) is B(GT) = 2.94+0.32

−0.28 (red 
circle in Fig. 4). The new GT strength is in agreement with the 
value reported in Refs. [52,53] of B(GT) = 2.9 ± 0.2 and consistent 
with value of B(GT) = 3.5+0.8

−0.7 from semi-empirical Q EC value in 
Ref. [54]. The new B(GT) value resulting from the direct mass mea-
surement of 98Cd avoids possible systematic errors in β-end-point 
energy measurements of Q values. In addition, we note that the 
previously reported B(GT) values were based only on observation 
of feeding to four transitions and a less-precise half-life [54,77,53]
(black star and black triangle at Z = 48). The measurement re-
6

ported here confirms the previous non peer-reviewed results, thus 
the general discussions with respect to the GT hindrance factor, in 
Refs. [54,16] and most recently in Ref. [14] are still correct.

The first attempt to describe the Gamow-Teller strength in the 
vicinity of 100Sn was with the Shell Model Monte Carlo (SMMC) 
approach [78] but provided only the total GT strength, and with-
out assessing the spectroscopy and ph core excitations. State-of-
the-art large-scale shell model calculations within the sdg valence 
space and GDSN interaction, as already introduced in Section 4, 
have shown extraordinary importance in reproducing level ener-
gies in 94Rh in this and numerous other works. The LSSM calcu-
lations allow configurations with up to 6p-6h excitations across 
the Z = N = 50 closed shell and the “standard” quenching fac-
tor of (0.75)2

� 0.56 as discussed above. The calculations for the 
B(GT ) values in such an extended model space for the 100Sn re-
gion involving more than a hundred final states in each daughter 
nucleus are presented in Fig. 4 in comparison with the experimen-
tal values for the even N = 50 and N = 52 (Fig. 4) isotones for 
the first time. In both isotonic chains, the protons and neutrons 
experience in β-decay the same transition from π1g9/2 to ν1g7/2, 
although for N = 52 there is already a partial occupation of ν1g7/2
shell which reduces the GT strength. Two sets of calculations are 
shown where: (i) selection of only the experimentally observed GT 
strength (solid line), and (ii) the total strength contained in the 
QEC window (dashed line) was considered. In both cases, the the-
oretical systematics suggests a relatively smooth trend towards and 
including Z = 50. This comparison indicates the amount of exper-
imentally non-observed GT strength, and at the same time, proves 
the validity of the method; the first of the kind approach to ac-
count for the Pandemonium effect. The calculation agrees with the 
experiment remarkably well and singles out the B(GT) value as re-
ported in the paper of Lubos et al. [10].

7. Conclusions

Mass measurements of isotopes near the N = 50 shell closure 
have been performed, including 14 ground-state masses and two 
isomers. Among them, the mass of 98Cd and 97Rh and the exci-
tation energy of 94mRh have been measured directly for the first 
time. For 94Rh, four different shell model calculations have been 
performed and allow together with the measured excitation energy 
(293 ±21 keV) to understand the level ordering and spin-parity as-
signments of the ground and the isomeric states. The controversy 
of the Q EC values for 100Sn [9,10,12] was investigated with two ap-
proaches, the shifted two-neutron shell gap �2n(Z , N + 2) and the 
Gamow-Teller strength B(GT). The previously only indirectly mea-
sured isotopes that have an influence on �2n(Z , N + 2) at N = 50
have been measured directly and confirm the previously known 
trends. So if one follows the arguments laid out in Ref. [12], this 
supports the Q EC reported in Ref. [9]. In addition to this, a sys-
tematic comparison of experimental and theoretical B(GT) values 
for even-even isotones at N = 50 and N = 52 was performed. For 
98Cd the B(GT) value is determined to be 2.94+0.32

−0.28, for the first 
time by direct mass measurements. Large-scale shell-model calcu-
lations performed for the entire B(GT) strength possible to observe 
in β-decay, as well as only for the experimentally known tran-
sitions, enable, therefore, for the first time, a direct comparison 
between theory and experiment. The experimental and theoretical 
value are in perfect agreement. The large scale shell-model cal-
culations clearly support the B(GT) as reported in Ref. [10]. The 
�2n(Z , N + 2) and B(GT) investigations for 100Sn come to contra-
dictory results. Therefore, the current situation calls for new and 
improved experiments which could solve the ambiguity of the Q EC
of 100Sn and consequently B(GT) value, for example by a direct 
mass measurement of 100Sn at the FRS-IC.
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