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A R T I C L E I N F O A B S T R A C T

Editor: B. Blank Excited states in the 𝑇𝑧 = 0, −1 nuclei 62Ga and 62Ge were populated in direct reactions of relativistic radioactive 
ion beams at the RIBF. Coincident 𝛾 rays were measured with the DALI2+ array and uniquely assigned to the 
𝐴 = 62 isobars. In addition, 62Ge was also studied independently at JYFL-ACCLAB using the 24Mg(40Ca,2𝑛)62Ge 
fusion-evaporation reaction. The first excited 𝑇 = 1, 𝐽𝜋 = 2+ states in 62Ga and 62Ge were identified at 979(1) and 
965(1) keV, respectively, resolving discrepant interpretations in the literature. States beyond the first 2+ state 
in 62Ge were also identified for the first time in the present work. The results are compared with shell-model 
calculations in the 𝑓𝑝 model space. Mirror and triplet energy differences are analyzed in terms of individual 
charge-symmetry and charge-independence breaking contributions. The MED results confirm the shrinkage of 
the 𝑝-orbits’ radii when they are occupied by at least one nucleon on average.
1. Introduction

Shortly after the discovery of the neutron, it was realized that pro-
tons and neutrons interact identically under the strong nuclear force. 
They can therefore be regarded as the same particle with isospin quan-

* Corresponding author at: GSI Helmholtzzentrum für Schwerionenforschung, D-64291 Darmstadt, Germany.

tum number 𝑡 and its projection 𝑡𝑧, where 𝑡𝑧 = −1∕2 identifies a proton 
and 𝑡𝑧 = +1∕2 a neutron. This leads to the concept of charge symmetry 
and independence, where the strong interaction does not distinguish 
between proton-proton, neutron-neutron, or proton-neutron interac-
tions. In nuclei, isobaric analogue states are characterized by the total 
Available online 20 October 2023
0370-2693/© 2023 The Author(s). Published by Elsevier B.V. This is an open access

E-mail address: k.wimmer@gsi.de (K. Wimmer).

https://doi.org/10.1016/j.physletb.2023.138249
Received 14 February 2023; Received in revised form 20 September 2023; Accepted
article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

 9 October 2023

http://www.ScienceDirect.com/
http://www.elsevier.com/locate/physletb
http://orcid.org/0000-0001-8178-0405
mailto:k.wimmer@gsi.de
https://doi.org/10.1016/j.physletb.2023.138249
https://doi.org/10.1016/j.physletb.2023.138249
http://crossmark.crossref.org/dialog/?doi=10.1016/j.physletb.2023.138249&domain=pdf
http://creativecommons.org/licenses/by/4.0/


K. Wimmer, P. Ruotsalainen, S.M. Lenzi et al.

isospin quantum number, 𝑇 , with projection 𝑇𝑧 =
∑

𝑡𝑧 = (𝑁 − 𝑍)∕2. 
In the absence of electromagnetic effects, and assuming isospin sym-
metry, the excitation energies of these analogue states are identical. 
However, the electromagnetic interaction and isospin breaking terms 
of the nuclear interaction can lead to measurable differences in isospin 
multiplets. In particular, the mirror energy differences (MED), defined 
as 𝐸(𝐽𝜋, 𝑇𝑧 = −𝑇 ) − 𝐸(𝐽𝜋, 𝑇𝑧 = +𝑇 ) and the triplet energy differences 
(TED), 𝐸(𝐽𝜋, 𝑇𝑧 = −𝑇 ) + 𝐸(𝐽𝜋, 𝑇𝑧 = +𝑇 ) − 2𝐸(𝐽𝜋, 𝑇𝑧 = 0) are sensitive 
to the isovector and isotensor terms of the nuclear interaction, respec-
tively [1,2].

The aim of this work is to bridge the region of 𝑁 ∼ 𝑍 nuclei from 
the doubly magic 56Ni through the upper 𝑓𝑝 shell towards the strong 
ground state deformation observed at 𝐴 ∼ 80 [3]. At the start of this 
shell, the first spectroscopy of the 𝑇𝑧 = −2 nucleus 56Zn was recently 
published [4]. For the 𝐴 = 62; 𝑇 = 1 triplet, candidates for 𝐽𝜋 = 2+; 𝑇 =
1 states in 62Ga and 62Ge have also been tentatively assigned in previous 
works [5–7].

In 62Ga, 𝑇 = 1 candidates for 𝐽𝜋 = 2+ at 1017 keV and 4+ at 
2234 keV were populated in a fusion-evaporation reaction and assigned 
indirectly based on the measured angular correlations and distributions 
of 𝛾 rays and shell-model calculations [5]. In a similar experiment, 
but with higher statistics, a 979-keV transition was observed and as-
signed to feed the ground state [6]. The angular correlation ratio for 
the 979-keV transition suggested a Δ𝐿 = 1 dipole character, which led 
to a 𝐽𝜋 = 1+ assignment for this state since negative parity states are 
not expected at such a low excitation energy. Transitions at 1017 keV 
and 978 keV were also observed in the 𝛽 decay of 62Ge and assigned 
to de-excite two low-lying 1+ states in 62Ga [8]. However, the branch-
ing ratios from the 1017-keV state to the first excited 571-keV state 
and the ground state of 62Ga do not agree with the in-beam works of 
Refs. [5,6]. The 𝑇 = 1, 𝐽𝜋 = 2+ assignment for the 1017-keV state in Ga 
implies a rather large Coulomb energy difference of 63 keV and with 
the tentative assignment for the 2+1 state in 62Ge, an exceptionally large 
TED of −116 keV, questioning the assignments. This led to a new ex-
periment where 62Ga was populated by nucleon removal reactions from 
secondary 64Ga and 65Ge beams [7]. In these reactions, which are both 
expected to specifically populate the 𝑇 = 1, 𝐽𝜋 = 2+ state, a 𝛾 ray at 
977(2) keV was observed. Most recently, 62Ga was studied again us-
ing a fusion-evaporation reaction with a 6Li beam and based on the 
angular anisotropy, the 978 keV transition was assigned an 𝐸2 multi-
polarity [9], but the 𝑇 = 1 nature could not be proven.

In contrast to 62Ga, excited states in 62Ge have been studied previ-
ously only once. Preliminary results using a fusion-evaporation reaction 
are mentioned in Ref. [10]. A transition at 964 keV was tentatively 
assigned to 62Ge. While unique identification of 𝐴 or 𝑍 was impossi-
ble, gating on 𝛾 rays around 964 keV resulted in an enhancement in 
the energy loss spectrum of ions measured in the focal plane of the 
spectrometer where 𝑍 = 32 ions are expected. No definite conclusive 
assignment of 𝛾 rays or states in 62Ge was possible.

In this letter, we present new experimental data on 62Ga and 62Ge 
obtained with direct nuclear reactions, inelastic scattering, one-nucleon 
knockout, and fusion-evaporation reactions. These data resolve the con-
flict around the 𝑇 = 1, 𝐽𝜋 = 2+ state in 62Ga and allow for the first 
unambiguous spectroscopy of the 𝑇𝑧 = −1 nucleus 62Ge.

2. Experimental setup and analysis of the RIBF experiment

An experiment on 62Ga and 62Ge was performed at the Radioac-
tive Isotope Beam Facility operated by the RIKEN Nishina Center and 
CNS, University of Tokyo. Proton-rich beams were produced by projec-
tile fragmentation of a 78Kr primary beam accelerated to 345 𝐴MeV on 
a 7-mm thick primary Be target. Reaction products were separated and 
identified in the BigRIPS fragment separator [11] by the 𝑇 𝑜𝐹 −𝐵𝜌 −Δ𝐸
method through measurements of the time-of-flight, trajectory in the 
magnetic field, and energy loss of the ions using the standard detec-
2

tion systems consisting of plastic scintillators, parallel plate avalanche 
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counters, and an ionization chamber. Data were taken in two settings -
one centered on the least exotic 62Zn secondary beam at 5700 pps, and 
the other centered on 62Ge, with 290 pps, where also 1800 pps of 62Ga 
were transmitted with approximately 40% of the total beam intensity. 
The secondary beam energies were around 165 𝐴MeV. Also transmitted 
were the 𝐴 = 63 isotopes 63Ge and 63Ga, each with an intensity of about 
400 pps, which allowed spectroscopy of the 𝐴 = 62 triplet by nucleon-
removal reactions. The outgoing beam particles were identified in the 
ZeroDegree spectrometer [11] using the same 𝑇 𝑜𝐹 − 𝐵𝜌 − Δ𝐸 method 
as discussed above. The beam then impinged on a 260-mg/cm2 thick C 
target located at the center of the DALI2+ array [12] which consisted 
of 226 NaI(Tl) crystals. For each setting, a new energy calibration was 
performed during a time period when the magnetic fields of the sur-
rounding quadrupole magnets were set to the field strengths used in 
that specific setting.

Transition energies and 𝛾-ray yields were determined by fitting 
the Doppler-corrected spectra with simulated response functions. The 
GEANT4 simulation toolkit [13] was used to produce an accurate rep-
resentation of the experimental setup and the reaction properties. The 
flight time through the target amounted to about 3 ps. This was on the 
same order as the expected lifetime of the 2+1 states in the 𝐴 = 62 nu-
clei. The lifetime of the excited states thus affected the 𝛾-ray energy and 
hence excitation energy determination. Using the Monte-Carlo simula-
tion, a systematic uncertainty of 1 keV was determined from the analy-
sis of the well-known decay of the 2+ state in 62Zn with an adopted half-
life of 2.93(14) ps [14] and a transition energy of 953.8(1) keV [15]. 
Further uncertainties for the determination of the transition energies 
arise from geometrical uncertainties due to the relative positioning of 
the target and the DALI2+ crystals. This uncertainty was estimated us-
ing known transitions in less exotic nuclei and it amounted to 2 keV.

3. Results of the RIKEN experiment

The 𝐴 = 62, 𝑇 = 1 isospin triplet was studied by inelastic scattering as 
well as mirrored nucleon removal reactions from 63Ge and 63Ga. Fig. 1
shows the Doppler-corrected spectra for the inelastic scattering of the 
members of the 𝐴 = 62 triplet. In each case, the most prominent peak is 
associated with the decay of the first excited 𝑇 = 1, 𝐽𝜋 = 2+ state. Transi-
tion energies were determined through a maximum-likelihood fit of the 
measured spectrum with simulated response functions. The lifetimes ex-
tracted from the 𝐵(𝐸2) values determined in the same experiment have 
been used in the simulation [16].

The known transition energies in 62Zn were all reproduced within 
the present uncertainties which include statistical and systematic un-
certainties. The energy of the first 2+ state was found to be 𝐸(2+1 ) =
955(2) keV, in agreement with the literature value of 953.8(1) keV [15]. 
The fit of the decay of the 4+1 state, 1229(4) keV, is in good agree-
ment with the known adopted transition energy to the 2+1 state of 
1232.2(1) keV [15]. In addition, higher-lying 2+ states at 1805 and 
2803 keV were observed. Their main decay paths involve transitions of 
similar energies, 1805 and 1849 keV, which could not be fully resolved 
with DALI2+. But, the observation of coincidences with the 954-keV 
2+1 → 0+1 transition and, at the same time, an enhancement of counts in 
the region between 1750 and 1900 keV for hit multiplicity less than 2 
events, indicates that both these states were populated in the reaction. 
Also, the 3+1 state at 2384 keV is seen through its 1431-keV decay to the 
2+1 state. Weaker decay branches of the known excited states of 62Zn 
have also been included in the fit of the spectrum with their known 
branching ratios. Lastly, the 2269(17)-keV transition indicated the pop-
ulation of the 3− state at 3223.5 keV.

The highest intensity transition observed in the inelastic scattering 
of 62Ga is located at 981(2) keV. This transition thus arises from the de-
cay of the 𝑇 = 1, 𝐽𝜋 = 2+ state as this is the only one expected to be 
this strongly populated in the inelastic scattering reaction. The cross 
sections for the excitation of the 2+1 states in all three members of the 

triplet are almost identical [16], providing additional evidence for a 
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Fig. 1. Doppler-corrected 𝛾-ray energy spectrum for the inelastic scattering of 
(a) 62Zn, (b) 62Ga, and 62Ge on a 12C target. Add-back was not applied. The 
peaks are labeled with their energy in keV. The Doppler correction assumes 𝛾-
ray emission at the velocity in the middle of the target and only events with a 
hit multiplicity of less than 5 are displayed. The data are fitted with simulated 
response functions for the individual transitions and a continuous background 
(red). For 62Zn, known transitions at 851 and 580 keV have been included ac-
cording to their branching ratio. The inset in panel (b) shows the high-energy 
region of the spectrum with add-back. Panel (c) also shows the negative log-
likelihood distribution as a function of assumed transition energy for 62Ge.

similar structure. In addition, the known 1+ state at 571 keV was pop-
ulated in the present study - the transition energy was determined to 
be 571(5) keV. A transition at 2242(34) keV was observed as well in 
the add-back spectra (see inset of Fig. 1(b)) and found in coincidence 
with the 2+1 → 0+1 transition. The similar transition energy and excita-
tion cross section as in 62Zn suggest a 3− assignment for the state at 
3232(34) keV.

The Doppler-corrected 𝛾-ray energy spectrum for inelastic scatter-
ing of 62Ge reveals three peaks. The peak at 965(3) keV is in agreement 
with the tentative assignment of the 2+1 state made in Ref. [10]. The 
other two peaks at 1220(12) and 2232(20) keV are assigned to the 
decay of the newly discovered states at 2185(12) and 3197(20) keV, 
respectively. Despite the low statistics, both transitions are found to be 
in coincidence with the 2+1 → 0+1 transition. The similarities in the ex-
citation cross sections and the transition energies with 62Zn suggest 4+
and 3− assignments for these states.

The 𝐴 = 62 nuclei were also populated in the nucleon removal reac-
tions from the 63Ge and 63Ga beams. Both species were present in the 
secondary beam as a contaminants. Assuming isospin symmetry, the 
neutron removal from 63Ge and the proton removal from 63Ga should 
3

lead to analogue final states in 62Ge and 62Zn. The Doppler-corrected 
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spectra measured in coincidence with the nucleon knockout reactions 
are displayed in Fig. 2. Panels (a) and (c) compare the analogue neu-
tron and proton knockout reactions from 63Ge and 63Ga, respectively. In 
addition to the 965(5) keV 2+1 → 0+1 transition, a previously unobserved 
transition at 1756(13) keV is observed in 62Ge. The peak is strong in 
spectra gated on 𝛾-ray multiplicity 1 and no coincidences have been ob-
served. Therefore, this transition is tentatively assigned as the 2+2 → 0+1
ground-state transition leading to a new state at 1756(13) keV, which 
is very similar to the analogue 2+2 state in 62Zn at 1804.7(1) keV [15]. 
A decay to the first excited state, which would be expected at a tran-
sition energy of 791(14) keV is not observed, and due to the location 
close to the Compton edge of the much more intense 965(5)-keV tran-
sition, no upper limit could be determined. Comparing the analogue 
63Ge → 62Ge and 63Ga → 62Zn reactions, a similar population pattern 
for the ground, 2+1 , and 2+2 states in both final nuclei is found. In the pro-
ton knockout reaction to 62Zn also the 3+1 and 4+1 states are populated 
with an intensity similar to the 2+2 state. This is not the case for the neu-
tron knockout from 63Ge. Based on the statistics observed in Fig. 2 (a), 
indications for the 3+1 and 4+1 states in 62Ge should have been observed. 
An explanation might be that these states are populated in 62Zn indi-
rectly through the decay of the higher-lying states, which in the case of 
62Ge are particle unbound. Population of a 4+ state by knockout from 
the 3∕2− ground state of the projectile requires the removal of a parti-
cle from the 0𝑓7∕2 or 0𝑓5∕2 orbital. The former is strongly bound below 
the 𝑁∕𝑍 = 28 shell closure, while for the latter the shell-model calcu-
lations (see below) predict only very weak occupations. A strong direct 
population of 𝐽 ≥ 4 states is thus not expected.

The mirrored nucleon knockout reactions from 63Ge and 63Ga are ex-
pected to populate identical states in 62Ga. The two spectra are shown 
in Fig. 2 (b) and (d). In both cases, strong population of the 1+ state at 
571.2(1) keV [15] and the 𝑇 = 1, 𝐽𝜋 = 2+ state is observed. In the pro-
ton removal reaction a previously unknown transition at 1490(20) keV 
is revealed. This transition is not in coincidence with the other two lines, 
suggesting a decay to the ground state and a new state at 1490(20) keV. 
This state is not observed in the neutron knockout reaction. Instead, 
a candidate transition at 2005(54) keV is visible when applying add-
back and gating on multiplicity 1 events in order to suppress back-
ground. This result is, however, not fully conclusive and there might 
be two transitions in the range of 1900-2100 keV. In addition, the two 
spectra for 62Ga, Fig. 2(b,d), show an enhancement of counts around 
350 keV, which is absent in the other two nuclei. These counts can be 
attributed to the 376.3(1)-keV decay of the 5+1 state at 1193.5(2) keV 
to the 3+ state at 817.2(1) keV [15]. The latter state is long-lived with 
𝜏 = 4.9(14) ns [5] and therefore its decay is not observed in the present 
experiment. A strong population of the 𝑇 = 0, 𝐽𝜋 = 5+ state was also 
observed in the two-neutron knockout reaction [7]. The lifetime of the 
5+ state is not known and shell-model calculations predict a lifetime be-
yond the sensitivity of the present experiment. Therefore, in the analysis 
𝜏 = 1 ns was assumed.

4. Spectroscopy of 𝟔𝟐Ge at JYFL-ACCLAB

Shortly after the RIKEN experiment the 62Ge nucleus was studied 
at the Accelerator Laboratory of the University of Jyväskylä (JYFL-
ACCLAB) employing the 24Mg(40Ca,2𝑛)62Ge fusion-evaporation reac-
tion. The 40Ca beam, accelerated with the K130 cyclotron to the middle-
of-target energy of 106 MeV, was fused with the 24Mg target atoms for 
244 hours with an average intensity of 3.5 pnA.

Prompt 𝛾 rays were detected at the target position with the JU-
ROGAM 3 germanium-detector array [17]. The target position was 
additionally surrounded by the JYTube scintillator detector array to 
veto reaction channels associated with charged-particle evaporation. 
The fusion-evaporation recoils were further separated from the unre-
acted beam and other reaction products with the vacuum-mode mass-
separator MARA [18], which was tuned to pass mass 𝐴 = 62 recoils to 

its focal plane. The MARA focal plane setup consisted of a multi-wire 
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Fig. 2. Doppler-corrected 𝛾-ray energy spectrum for the nucleon knockout reactions - (a) neutron and (b) proton removals from 63Ge, and the mirrored proton (c) 
and neutron (d) removals from 63Ga. The peaks are labeled with their energy in keV. The Doppler correction assumes 𝛾-ray emission at the velocity in the middle 
of the target and only events with a hit multiplicity of less than 5 are displayed. The data are fitted with simulated response functions for the individual transitions 
and a continuous background (red). For 62Zn, known transitions at 851 and 580 keV have been included according to their branching ratio. The inset in Panel (d) 
shows the spectrum with add-back and gated on 𝛾-ray multiplicity 1, enhancing the 2005-keV transition.
proportional counter (MWPC) and a double-sided silicon strip detec-
tor (DSSSD) to measure the recoil position, Δ𝐸, and time-of-flight. The 
DSSSD was also used to detect the recoil implantation and the sub-
sequent 𝛽 decay within the same detector pixel, which allowed for 
recoil-decay correlations. A plastic scintillator Tuike [19] was used to 
measure the full remaining energy of the emitted 𝛽 particles after pass-
ing through the DSSSD.

The 62Ge and 62Ga reaction products were identified at the MARA 
focal plane based on their characteristic 𝛽-decay properties. The rela-
tively short 𝛽-decay half-lives and high 𝛽-decay endpoint energies of 
62Ge (𝑇1∕2 = 73.5(1) ms, 𝑄𝐸𝐶 = 9730(140) MeV [20]) and 62Ga (𝑇1∕2
= 116.121 (21) ms [21], 𝑄𝐸𝐶 = 9181.1(4) MeV [22]) allowed the ap-
plication of the recoil-𝛽 tagging method [23,24] to identify the prompt 
𝛾 rays originating from these nuclei.

Since the 𝛽-decay properties of 62Ge (2𝑛 channel) and 62Ga (𝑝𝑛
channel) are very similar, the JYTube charged-particle veto detector 
was used to differentiate between these evaporation channels. Fig. 3 (a) 
shows a recoil-𝛽 tagged JUROGAM 3 𝛾-ray spectrum with recoil-𝛽 cor-
relation search time of 250 ms, 𝛽-particle energy threshold of 4.5 MeV 
and with one detected proton in JYTube. The resulting 𝛾-ray spec-
trum shows known 62Ga transitions labeled with their energies [6]. In 
Fig. 3 (b) the same correlation conditions have been used as in panel 
(a), but now with detection of zero protons in JYTube. Since the JY-
Tube detection efficiency for one proton was approximately 70%, the 
62Ga 𝛾-ray lines are still visible in the charged-particle vetoed spectrum 
of Fig. 3 (b). However, as a result of the charged-particle veto, three 
𝛾-ray peaks marked with the red dashed vertical lines become visible 
in Fig. 3 (b). These are located at the energies of 965(1), 1227(2) and 
1505(2) keV and are the candidates for the T = 1, 2+1 → 0+1 , 4+1 → 2+1 and 
6+1 → 4+1 yrast transitions in 62Ge. To unambiguously identify the 62Ge 
𝛾-ray transitions, the newly established recoil-double-𝛽 tagging (RDBT) 
method can be employed. The RDBT method makes use of the detection 
of two fast and high-energy 𝛽 particles following the recoil implanta-
tion in a single pixel. The 73.5(1)-ms, 62Ge → 62Ga 𝛽 decay, followed 
by the 116.121(21)-ms, 62Ga → 62Zn 𝛽 decay provide a clean tag for 
the 62Ge 𝛾 rays. This method has been applied in Fig. 3 (c) where, in 
4

addition to the charged-particle veto, the correlation search times and 
𝛽-energy thresholds were 165 ms and 2.5 MeV for the first 𝛽 decay and 
415 ms and 2.5 MeV for the second 𝛽 decay, respectively. As can be 
seen in Fig. 3 (c), the RDBT method yields the same 𝛾-ray lines as iden-
tified in the panel (b). Moreover, the 965(1)- and 1227(2)-keV 𝛾 rays 
were found to be in coincidence. The observed transition energies are in 
good agreement, within the experimental errors, with those identified 
in the RIKEN experiment. The fact that the same transitions for 62Ge 
are identified in two different experiments, which have been analyzed 
independently, gives these findings very high confidence.

5. Discussion

In the following discussion, we adopt the 𝛾-ray transition energies 
and excitation energies determined in the JYFL-ACCLAB work when 
available as they are more precise. The level schemes of 62Ge, 62Ga, 
and 62Zn together with the observed 𝛾-ray transitions are presented in 
Fig. 4. This work demonstrates the first unambiguous identification of 
the 𝑇 = 1, 𝐽𝜋 = 2+ states in 62Ga and 62Ge. The strong inelastic excita-
tion of the 979-keV state from the ground state in 62Ga, as well as its 
Coulomb excitation [16], provide evidence for the 𝑇 = 1 quadrupole ex-
citation. A state with very similar excitation energy was first observed 
in a fusion-evaporation reaction and was assigned to be 1+ state based 
on the angular correlation of 𝛾 rays, albeit with large uncertainty [6]. 
A peak at 979(1) keV can be also seen in Fig. 3 (a) and (b), which show 
the new fusion-evaporation data from JYFL-ACCLAB. Regardless, the 1+
interpretation was questioned as it leads to an unusual TED value [7]
and, instead, the 979-keV state was proposed as the 𝑇 = 1, 𝐽𝜋 = 2+ state. 
The present result confirms this interpretation and puts it on a firm foot-
ing. A 1233-keV transition, that was observed in the fusion-evaporation 
study in coincidence with the 979-keV transition [6], is a natural can-
didate for the 4+1 → 2+1 transition in 62Ga. In the RIKEN experiment, this 
transition was not observed. The 4+1 → 2+1 assignment for the 1233-keV 
transition is very tentative and previously other states have been asso-
ciated with the 𝑇 = 1, 𝐽𝜋 = 4+ state [5].

For 62Ge, the present measurements confirmed the inferred 𝛾-ray 
transition at 964 keV in Ref. [10]. In addition, the observation of the 

1220(12) keV transition in the inelastic scattering of 62Ge on carbon and 
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Fig. 3. (a) Recoil-𝛽 correlated 𝛾-ray spectrum with one detected proton from 
the 40Ca+24Mg fusion-evaporation experiment performed at JYFL-ACCLAB, (b) 
same as (a), but with the requirement of zero detected protons and (c) recoil-𝛽-𝛽
correlated 𝛾-rays with zero protons leading to the identification of 62Ge 𝛾 rays. 
All 𝛾-ray lines labeled in panels (a) and (b) are known transitions in 62Ga. See 
text for further details.

the 1227(2)-keV transition identified in the fusion-evaporation reaction 
allows tentative (4+) assignment for the state at 2192 keV. This is about 
100 keV lower than the speculative 4+ assignment made in Refs. [10,
25] for the state at 2285 keV. The additional transition observed at 
1765 keV leads to a candidate for a 2+2 state at this energy, based on 
comparison with the mirror nucleus 62Zn and the nucleon knockout 
cross sections.

Next, comparison of the experimental level schemes to the isospin 
symmetric shell-model calculations is carried out. As shown in Ref. [26], 
the excitation energies calculated with the jj44b effective interac-
tion [27] for the 𝑇 = 1 states are in agreement with the experimental 
data for 62Zn. However, it fails in the prediction of the 𝑇 = 0 states. In-
deed, the adopted model space, that does not include the 𝑓7∕2 shell, is 
not the appropriate one for the description of the states in the 𝐴 = 62
nuclei observed in the present work. Therefore, shell-model calcula-
tions in the 𝑓𝑝 model space have been performed. Up to 𝑡 = 8 nucleons 
were allowed to be excited across the 𝑁 =𝑍 = 28 shell gap. The results 
obtained with the KB3GR interaction [28,29] are shown in Fig. 4. The 
calculated excitation energies agree well with the experimental results 
presented in this work for 62Ga and 62Ge. The two new states in 62Ga 
observed in the knockout reaction channels, at 1490 and 2005 keV, are 
likely 𝑇 = 0 states.

It is useful to compare the level schemes of the three isobars com-
puting the difference in excitation energy between the analogue states, 
5

the mirror and triplet energy differences.
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The experimental values are compared in Fig. 5 to the shell-model 
calculations. The well established method developed in Refs. [1,2,30,
31] has been applied in Fig. 5 to compute MED and TED. To obtain the 
MED, the Schrödinger equation is solved in the full 𝑓𝑝 valence space us-
ing two different isospin-conserving effective interactions, KB3GR [29]
and GXPF1A [32], and the Coulomb and other isospin breaking in-
teractions are treated perturbatively. Most of the Coulomb effects are 
taken into account by calculating the expectation value of the Coulomb 
interaction in the valence space 𝑉𝐶𝑀 , with the single-particle energy 
corrections for protons and neutrons given by the electromagnetic spin-
orbit interaction and the orbital term [1]. Another contribution to the 
MED arises from changes in the nuclear radius as a function of the nu-
clear spin. Indeed, the radius depends on the orbits that are occupied 
and the occupations may change for different states and hence as a func-
tion of the spin. In the 𝑓𝑝 shell, 𝑝 orbits have larger radius than the 𝑓
ones, thus feeling less Coulomb repulsion. Following Refs. [1,30], we 
calculate the radial Coulomb contribution 𝑉𝐶𝑟 obtained from the differ-
ence of the average occupation numbers of protons (𝑧𝑝) and neutrons 
(𝑛𝑝) in the 𝑝 orbits at each excited state 𝐽 with respect to the ground 
state, 𝑉𝐶𝑟(𝐽 ) = 2 𝑇 𝛼[(𝑧𝑝(0+gs) + 𝑛𝑝(0+gs)) − (𝑧𝑝(𝐽 ) + 𝑛𝑝(𝐽 ))]∕2, where 𝑇 is 
the isospin. The parameter 𝛼 has been fixed to 200 keV for lighter nu-
clei with 𝑁∕𝑍 = 20 − 28, where 𝑝 orbits are fractionally occupied. In a 
recent study [4], it has been shown, following Ref. [33], that this pa-
rameter has to be reduced when these low-𝓁 orbitals are occupied by at 
least one particle on average. As this is the case for both 𝑝 orbits in the 
𝐴 = 62 mirror pair, we adopt the value of 𝛼 = 50 keV used in Ref. [4]. 
Aside from the Coulomb interaction, an additional isospin-symmetry 
breaking contribution 𝑉𝐵 has been identified from the systematic anal-
ysis of MED in the 𝑓7∕2 shell [31]. Following Ref. [2], it is calculated 
using a schematic isovector interaction that introduces a −70-keV differ-
ence between the matrix elements of two protons minus two neutrons 
coupled to angular momentum zero. The MED are quite sensitive to 
the nuclear structure and therefore constitute a stringent test to the ef-
fective interactions. In the present case, the yrast MED are unusually 
small, and in the theoretical calculations they result from a partial can-
cellation of the multipole terms and a radial term. They are rather well 
reproduced by shell-model calculations using two different effective in-
teractions, with KB3GR being closer to data at low spin and GXPF1A at 
higher spins. From the analysis of the wave function composition, it re-
sults that calculations using the KB3GR effective interaction favor more 
excitations from the 𝑓7∕2 shell to the upper orbitals for both protons 
and neutrons than those using GXPF1A. In particular, the wave func-
tions obtained with KB3GR for the 𝑇 = 1 states feature one proton and 
one neutron particle-hole excitations across the 𝑍 =𝑁 = 28 shell gap, 
while for GXPF1A this constitutes less than 30% of the wave functions.

The TED show a typical negative trend as a function of 𝐽 . This 
behavior is observed for all measured triplets [34] so far. This can be ex-
plained in part by Coulomb effects in terms of nucleon re-coupling [35], 
but other isospin-breaking effects have to be considered as well [31] to 
reproduce the experimental data in the shell-model framework. A sim-
ilar procedure to that for MED is used to compute TED. However, due 
to the way TED are defined, monopole terms cancel out and only the 
multipole Coulomb and the 𝑉𝐵 terms contribute. For the latter, follow-
ing [31,34] we use an isotensor term with a strength of 100 keV in 
the zero-coupling channel. As for other 𝑇 = 1 triplets, the 𝑉𝐶𝑀 and 𝑉𝐵
contributions result in nearly equal strengths using both effective inter-
actions, as shown in Fig. 5 (b). However, when summed together they 
overestimate the data. Similar results are obtained in Ref. [9] by means 
of beyond-mean-field calculations using realistic interactions.

In summary, excited states in the members of the 𝐴 = 62; 𝑇 = 1
isospin triplet have been populated and identified in two different ex-
periments. The combination of the two data sets from direct inelastic 
scattering and nucleon removal reactions as well as fusion-evaporation 
reactions enabled the unique identification of the 𝐽𝜋 = 2; 𝑇 = 1 states 
in 62Ga and 62Ge. This and further spectroscopy of the yrast states al-

lows for comparison of analogue states in the isobaric triplet for the first 
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Fig. 4. The level schemes of 62Ge, 62Ga, and 62Zn determined in the present work. Level energies and transitions are labeled with their adopted energies in keV. 
Transitions which are only observed in the inelastic scattering are shown in blue, the ones only seen in the knockout reaction channels in green, while the ones seen 
in both types of reactions are marked black. The transitions observed in the JYFL-ACCLAB experiment are marked in red. Note that the 1233 keV transition in 62Ga 
was not observed in the present work and has only been placed through systematics. Also shown are the calculations for 62Ga employing the KB3GR interaction and 

a truncation at 𝑡 = 8 for the lowest 𝑇 = 0 and 𝑇 = 1 states.

Fig. 5. (a) Mirror energy differences for the 62Ge −62Zn pair as a function of the 
spin of the state. The yrare 2+2 state is shown by an open symbol. The red (blue) 
lines show results of the shell-model calculations with the K3BGR (GXPF1A) 
effective interactions [28,32]. The inset shows the results for the GXPF1A calcu-
lation comparing 𝛼 = 50 keV adopted here with 𝛼 = 200 keV. (b) Triplet energy 
differences for the 𝐴 = 62 nuclei. The value at 𝐽 = 4 uses the tentative (4+) as-
signment in 62Ga based on the transition observed in Ref. [6]. Also shown are 
the individual contributions to the TED.

time. Both the measured mirror and triplet energy differences are rather 
small. The shell-model analysis shows that the MED result from the par-
tial cancellation of the multipole 𝑉𝐶𝑀 and 𝑉𝐵 terms, and a marginal 
contribution of the monopole radial term 𝑉𝐶𝑚, confirming the need to 
take into account the reduction of the radii of the 𝑝 orbits when they 
are occupied in average by more than one nucleon [4,33].
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