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Proton-emission branches of the 10+ isomer in the T z = −1 nucleus 54Ni have been imaged with 
the active target and time projection chamber (ACTAR TPC) in an experiment conducted at the Grand 
Accélérateur National d’Ions Lourds (GANIL). The completed decay scheme allows derivation of the 
reduced transition strengths, B(E2; 10+ → 8+) and B(E4; 10+ → 6+), for the two competing γ -ray 
transitions. By means of a comparison with their well-known ‘mirror transitions’ in T z = +1 54Fe, and 
aided by a variety of shell-model calculations in the f p model space, effective charges for E4 transitions 
near N = Z 56Ni can be deduced: επ ≈ 1.40 and εν ≈ 0.30. Mirror-energy differences are explored with 
various shell-model interactions and isospin-symmetry breaking terms.

© 2022 The Authors. 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.

As a consequence of the approximate charge symmetry of the 
nuclear force, nearly identical level structures and decay pattern 
are expected for pairs of mirror nuclei. These are nuclei with neu-
tron and proton numbers reversed. Differences in energies and 
decay characteristics of levels with the same spin and isospin in 
mirror nuclei arise primarily from various contributions of the 
Coulomb energy, which breaks isospin symmetry. Comprehensive 
and unequivocal experimental information on energies, spins, par-
ities, and decay branches are mandatory for reliable assessments 
of isospin-symmetry breaking terms within, for instance, the shell-
model framework. Combined experimental and theoretical efforts, 
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in the lower f p shell between 40Ca and 56Ni in particular, have 
been very successful and have shed light on isospin-breaking phe-
nomena in a detailed way [1–6].

Often populated by nucleon removal reactions from relativis-
tic radioactive beams, both an increasing number and increasingly 
exotic mirror pairs have come into experimental reach (see, e.g., 
Refs. [7–9] and references therein). From these studies, questions 
arise as to how to extend isospin non-conserving interactions of 
nuclear origin [5] into the upper f p shell, thus beyond 56Ni, and 
whether or not analogue states are sensitive to weak binding, i.e., 
coupling to the continuum [10]?

In case lifetimes measurements of analogue states are feasible, 
it is possible to study and derive effective isoscalar and isovec-
tor charges, which relate to the effective multipole operators used 
to predict electromagnetic properties. This has been possible us-
ing fully-aligned five-hole states in the isospin T z = ±1/2, A = 51
mirror system [11], providing E2 effective charges consistent with 
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Fig. 1. Decay scheme of the 10+ isomer in 54Ni following the recently established
proton-emission branch, p2, into the ground state of 53Co [13]. The corresponding 
decay scheme of the 10+ isomer of the mirror nucleus 54Fe [15,19] is shown to the 
right. Energy levels are in keV, and the widths of the arrows correspond to the rel-
ative yields of the decays, including internal conversion for the 146-keV transitions 
(open area of the arrows).

long standing predictions for N ≈ Z nuclei. A recent, similar study 
of decay properties of isomeric states near 100Sn provided con-
sistent values [12]. With the complete decay scheme of the core 
excited 10+ isomer in 54Ni established [13], the mass A = 54 mir-
ror pair [14] now allows to investigate E4 effective charges, and 
also to contribute to the questions raised earlier.

Most of the currently available information on 54Ni and its mir-
ror nucleus 54Fe is summarized in the most recent mass A = 54
evaluated nuclear structure data file [15]. In brief, ground-state 
β+ decay of 54Ni was identified with an element-selective laser 
ion source providing a low-energy secondary 54Ni beam following 
production via the reaction 54Fe(3He,3n) [16]. A consistent 54Ni 
ground-state decay half-life was measured following intermediate-
energy fragmentation of 78Kr and event-by-event isotope identi-
fication shortly after [17]. The 6+ → 4+ → 2+ → 0+ yrast cas-
cade, governed by ν( f7/2)

−2
0,2,4,6 wave-function partitions, was es-

tablished by an in-beam γ -ray study. The 54Ni level energies, to-
gether with the corresponding ones in the mirror nucleus 54Fe, 
were assessed in terms of isospin-symmetry [18]. A 10+ isomer 
in 54Ni, expected as partner of the well-known 10+ isomer in 
54Fe [15,19], was observed following population via fragmentation 
of a 58Ni beam at relativistic energy [14]. The decay schemes of 
these mirror isomers are illustrated in Fig. 1. Next to extended 
information on isospin-symmetry breaking terms of effective inter-
actions [14], that experiment provided indirect evidence for � = 5
proton radioactivity connecting this 10+ isomer with the 9/2−
yrast state of 53Co at 1327 keV excitation energy (p1 in Fig. 1). 
Furthermore, isospin-symmetry arguments and quantum tunnel-
ing estimates indicated that an � = 7 proton-emission branch into 
the 7/2− ground state of 53Co (p2 in Fig. 1) should exist as well, 
and with a yield comparable with p1 [14]. In fact, a full isospin-
symmetry assessment of the decay of the 10+ isomers in the 
A = 54, T z ± 1 mirror pair was pending the direct measurement 
of that decay branch.

In an attempt to identify the proton branch p2 with the help 
of a recoil-shadow set-up and production via fusion-evaporation 
reactions, the probability of populating 54Ni in the 10+ isomeric 
state was found to be too low [20]. In the present experiment, 
a substantial number of 54Ni nuclei, in the 10+ isomeric state, 
were produced by intermediate-energy fragmentation of an in-
tense 58Ni primary beam. Identified event-by-event, 54Ni nuclei 
were stopped inside a novel time-projection chamber (ACTAR TPC 
[21,22]), which took four-dimensional pictures of ≈ 3000 proton-

emission events [13]. From this data set, competing electromag-
netic and proton-emission decay strengths can be derived, using 
T1/2(10+) = 155(3) ns based on the present [13] and previous [14]
measurements.

The ACTAR TPC experiment and subsequent data analysis 
are detailed in Refs. [13,23]. In brief, the experiment was con-
ducted at the Grand Accélérateur National d’Ions Lourds (GANIL), 
Caen, France. A 75-MeV/nucleon 58Ni26+ beam, on average ≈
7 · 1011 ions/s, impinged on a 660 μm thick beryllium target. Frag-
ments were selected and identified event-by-event by the LISE3 
spectrometer [24], set to optimize transmission of 54Ni in its 
10+ isomeric state. The secondary beam, including ≈ 56% 54Ni, 
was directed toward ACTAR TPC, within which the recoils were 
stopped in a gas mixture of 95% argon and 5% tetrafluoromethane 
at 900 mbar pressure. Any heavy ion passing a detector in front 
of ACTAR TPC, at an average rate of about 90/s, triggered the data 
acquisition system, which registered data from the LISE3 tracking 
and ion-identification detectors as well as 10-μs long traces of all 
active ACTAR TPC detector pads [13,23].

In the offline analysis, 54Ni ions were selected based on cor-
relations between energy-loss and time-of-flight information from 
LISE3 detectors. Thereafter, a search for proton emission was con-
ducted, as described in detail in Ref. [13]. Note that due to the 
short half-life of the isomer, incoming 54Ni heavy-ion tracks and 
proton-emission tracks are part of the same digitized ACTAR TPC 
event. In fact, the decay time of a single proton-emission event 
can be determined by evaluating the time difference between the 
end of the ion track and the beginning of the proton track. The 
proton track length is derived from a three-dimensional fit of the 
pad-signal distribution [13,25]. Converting the track lengths into 
proton-energy spectra, two well-separated peaks arise, correspond-
ing to known E p1 = 1197.9(44) keV and E p2 = 2500.2(43) keV 
[14,26,27]. In the concluding analysis step, the observed num-
ber of counts in the peaks, Np1 = 1411(40) and Np2 = 1459(40), 
were corrected for detection efficiency by means of comprehen-
sive Monte-Carlo simulations [13,23]. This procedure provides the 
branching ratio of the two proton-emission lines, which combined 
with the known ratio between electromagnetic decays and branch 
p1 [14] yields brp1 = 28.4(13)%, brp2 = 21.1(16)% and brγ +IC =
50.5(23)% [13], as well as T1/2(10+)γ +IC = T1/2(10+)/brγ +IC =
307(15) ns. IC denotes internal conversion.

The physics of the high-� proton-emission branches from the 
10+ isomer in 54Ni are subject of Ref. [13]. Here, an update and 
complement of isospin-symmetry (breaking) aspects are presented. 
The relevant experimental numbers for the A = 54, T z = ±1 mirror 
pair are summarized in Table 1, which is an update of Table I in 
Ref. [14]. For completeness, Table 1 also includes B(E2; 2+ → 0+)

values derived from relativistic Coulomb excitation measurements 
on 54Ni [28,29].

Shell-model calculations employing the full f p shell and ex-
ploring various isospin-breaking terms are confronted with the 
updated experimental results provided in Fig. 1 and Table 1. 
For all calculations, the shell-model code ANTOINE [32,33] was 
used. While the main body of calculations was produced with 
the, at present, commonly used interactions GXPF1A [34] and 
KB3G [35,36], some tests were also conducted with KB3 [37,38]
as well as the more recent KB3GR [39] and older FPD6 [40] em-
pirical interactions. Electromagnetic decay properties were derived 
using bare g factors for M1 transitions and moments, as well as 
E2 effective charges of επ = 1.15e and εν = 0.80e for protons and 
neutrons, respectively [11]. Experimental γ -ray energies were used 
to compute transition strengths and, in case applicable, to deduce 
branching and mixing ratios of the transitions, and lifetimes of the 
nuclear states.

For mass A = 54 nuclei it is feasible to conduct unrestricted cal-
culations in the f p model space. However, due to the large number 
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Table 1
Selected experimental results [13–15,19,28,29] and predictions from t = 6 f p shell-model calculations for 54Fe and 54Ni, employing the GXPF1A, KB3G, and KB3G56 inter-
actions and the isospin breaking terms V C M , V C�s , V Cr , and V B:2 (see text for definitions and details). The experimental numbers of 54Ni take into account the measured 
proton-emission branches from the 10+ isomer [13], i.e., bγ+IC = 50.5(23)% and T1/2 = 155(3) ns are used. B(E2) and B(E4) values are in Weisskopf units, W.u. The 
calculations use free g factors, επ = 1.15 and εν = 0.80 for electric quadrupole [11], and επ = 1.40 and εν = 0.30 (this work) for hexadecapole operators, respectively.

observable 54Fe 54Ni

exp GXPF1A KB3G KB3G56 exp GXPF1A KB3G KB3G56

B(E2;2+ → 0+) 11.1(3) 9.84 7.82 8.96 10.0(19) 8.06 5.93 7.22
B(E2;6+ → 4+) 3.25(5) 3.01 2.84 2.99 — 2.39 2.27 2.43
B(E2;10+ → 8+)a 1.70(3) 1.92 2.12 2.15 1.91(10) 1.84 2.13 2.21
B(E4;10+ → 6+) 0.80(9) 0.85 0.71 0.76 4.42(98) 4.33 3.94 4.04
brγ+IC (10+ → 6+) 1.8(2) 1.9 1.4 1.5 5.1(11) 5.9 4.7 4.6
T1/2(10+)γ+IC (ns) 364(7) 360 327 323 307(15) 360 315 303
Q (10+) (efm2) 52(8)b 60.6 55.3 56.7 — 63.6 58.3 59.5
μ(10+) (μ2

N ) 7.281(10) 7.24 6.80 6.82 — 3.92 4.26 4.24
Ex(10+) (keV) 6527.1(11) 5954 6701 6505 6457.4(9) 5887 6596 6410

a Including calculated conversion coefficients of αtot = 0.1145(4) and αtot = 0.1350(4) for 54Fe and 54Ni, respectively [30].
b Using the revised Q (3/2−) of 57Fe [31] as reference value.

of diagonalizations with different isospin-breaking terms, and to 
allow for a consistent extension towards heavier nuclei or non-
yrast structures (see, e.g., [41]), the majority of calculations em-
ployed a truncation scheme allowing for an excitation of up to six 
nucleons from the f7/2 shell into the upper f p shell. The latter is 
composed of the p3/2, p1/2, and f5/2 orbitals. The notation for this 
truncation is ‘t = 6’. Such a truncation scheme is well established: 
for instance, in an early study of yrast structures in A = 50, A = 51, 
and A = 52 nuclei [35], or to explain a deformed band in 56Ni [42]. 
Nevertheless, the validity of the t = 6-approach was controlled for 
the present study by comparing calculations with different trunca-
tion schemes (t = 2, t = 4, t = 6, t = 8, t = 10) with unrestricted 
calculations, here on behalf of the GXPF1A interaction and energy 
levels (cf. Fig. 1, Supplemental Material) as well as selected elec-
tromagnetic decay properties (cf. Table 1, Supplemental Material) 
of the main yrast cascade of 54Fe [15,41]. Clearly, the variation of 
predictions using t ≥ 6 for a given interaction (here: GXPF1A) is 
much smaller than variations between predictions based on dif-
ferent interactions. A relevant side note concerns the predicted 
energies of the core-excited I > 6 yrast states in 54Fe: GXPF1A 
underestimates them by a few hundred keV, while KB3G overes-
timates them by a few hundred keV, likewise KB3GR and FPD6. 
This indicates that none of the commonly used f p-shell interac-
tions correctly describes the gap size in the A = 54 mirror nuclei 
of interest. Thus, experimental information on the respective core-
excited states, and in particular the 10+ mirror isomers in 54Fe 
and 54Ni, carry the potential to study and adjust shell-model pa-
rameters in the future.

Isospin-breaking terms have to be incorporated into the shell-
model calculations to study differences in excitation energies, 
so-called mirror energy differences (MED), and electromagnetic 
moments and decay characteristics of mirror nuclei. Thus, the 
f p shell-model interactions were modified according to the pre-
scriptions of Refs. [1,3] and Ref. [4], respectively. Accounting for 
Coulomb multipole matrix elements, V C M , of proton-proton two-
body matrix-elements (TBME) as well as modifying proton and 
neutron single-particle energies (SPE) due to the electromagnetic 
spin-orbit interaction, V C�s , are common. Further, Refs. [1–3] sug-
gest to include orbit-orbit SPE corrections, V C�� . Near closed shells, 
however, this term is in essence masked by radial effects related 
to differences in proton minus neutron occupation numbers be-
tween the excited state and the ground state [4], often referred 
to as the Thomas-Ehrman shift. Based on known excited-state en-
ergies in the 57Ni-57Cu mirror pair, proton SPE modifications of 
V Cr(p3/2) = −300 keV, V Cr(p1/2) = −475 keV, and V Cr( f5/2) =
−210 keV were deemed adequate [4]. In case one considers V C�� , 
then V ′

Cr = V Cr − 100 keV for p orbitals provides comparable re-
sults (see below). An ad-hoc solution to adjust the KB3G gap size 

at particle numbers N = Z = 28 is to increase f7/2 SPE by 300 keV 
[43]. These calculations carry the label KB3G56. (See also Table 2, 
Supplemental Material.)

An alternative approach, originally introduced to account for 
differences in quadrupole deformation between ground and ex-
cited states in the middle of the f7/2 shell [1,3], introduced an 
orbital-dependent strength parameter, α, to be multiplied by the 
difference of total proton and neutron p3/2 occupation numbers 
between ground and excited states. With the recent advent of ex-
perimental data on even-even A ≥ 56 mirror nuclei, strength pa-
rameters for the p3/2 and p1/2 orbitals have become subject to 
more detailed investigations (see Ref. [9] and references therein). 
To evaluate this approach at A = 54, α = 200 keV is used for both 
p orbitals in the present study, denoted V Cp3 and V Cp1 as well as 
V Cp for the sum of both. Note that this correction has to be in-
ferred “by hand” after any diagonalization.

In all early MED studies (see Refs. [1,3,4] and references 
therein), one identified the need to include an isospin-symmetry 
breaking isovector term, V B , to describe experimental data. At first, 
this was introduced as the “ J = 2 anomaly” with V B:2 = +100 keV 
to the f7/2 proton-proton J = 2 TBME. For mirror nuclei across 
but within the f7/2 shell, using V B:0 = −V B:2 was found to give 
similar results [5]. However, the core-excited 8+ and 10+ states 
of the A = 54 pair were not included in that study, though their 
MED rather pointed to V B:2 = +100 keV than V B:0 = −100 keV 
[14]. In the present work, these two terms are studied, as well as 
a J -dependent result, V B: J , highlighted in Ref. [5] (see their Table 
II), and using −70 keV for the J = 0 proton-proton TBME of all f p
orbitals, V B:4x0, in line with Ref. [9].

For completeness, an empirical isotensor isospin-non-conserving 
interaction was accounted for as well [1,44]. Except for the p-
orbital occupation number corrections (see above), the results 
always refer to fully diagonalized calculations.

The results of the present MED study are summarized in Fig. 2. 
Beginning with the outcome, panel (e) shows the comparison of 
the experimental data points with predictions based on different 
interactions, but the same combination of isospin-symmetry break-
ing terms, namely V C M , V C�s , V Cr , and V B:2. Independent of the 
underlying interaction, excellent agreement is achieved, including
the core-excited 8+ and 10+ states, in line with Ref. [14].

With a focus on the KB3G interaction, panel (a) illustrates the 
typical rise in MED due to V C M , following the alignment of a 
pair of nucleons in the f7/2 shell, and remaining at ≈ +100 keV 
for the core excited states. For the 0+-6+ states, (differences in) 
small occupation numbers of nucleons lead to expectedly negligi-
ble V C�s and V C�� contributions. This, however, changes drastically 
for the core-excited states, closing in to ≈ +100 keV for each of 
these two single-particle effects. In order to reach the observed 
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Fig. 2. Various sets of mirror-energy differences (MED) between excited states in 
54Ni and 54Fe. Panels (a)-(d) are based on the KB3G interaction. Panel (a) provides 
the effect of V C M (solid line), V C�s (long-dashed), and V C�� (dot-dashed). Panel 
(b) shows V Cr (solid line), V ′

Cr plus V C�� (long-dashed), and corrections based on 
1p-orbital occupation; V Cp3 (dot-dashed) and V Cp1 (dot-dot-dashed). Panel (c) illus-
trates the effects of V B:2 (solid line), V B: J (dot-dashed), V B:0 (dot-dot dashed), and 
V B:4×0 (thin dot-dot dashed). Panel (d) provides sums relevant for the discussion of 
isospin-symmetry breaking terms and compares these with the experimental values 
(filled circles, cf. Fig. 1). Panel (e) show the results for KB3G (solid line), KB3G56 
(long-dashed), KB3GR (dashed), and GXPF1A (dotted), using the same combination 
of isospin-symmetry breaking terms, namely V C M , V C�s , V Cr , and V B:2. See text for 
definitions of these terms.

MED = −70 keV for the 10+ isomer, the large positive sums of 
MED ≈ 200 keV (V C M + V C�s), or ≈ 300 keV including V C�� , must 
be compensated primarily by radial effects, which are provided in 
panel (b).

Occupation numbers for particles in the p1/2 orbitals are small 
for all states considered (< 0.15). Thus, V Cp1 contributions are of 
minor relevance. Occupation numbers for particles in the p3/2 or-
bitals approach 1 for the core-excited states, giving rise to a sizable 
V Cp3 contribution of ≈ −130 keV for the 10+ state. The V Cr term 
catches the occupation of upper- f p-shell orbitals as well. It yields 
a large contribution of ≈ −260 keV. As noted earlier, the effect of 
V C�� can essentially be compensated for by V ′

Cr = V Cr − 100 keV 

Fig. 3. (a) Reduced B(E4; 10+ → 6+) transition strengths of 54Fe and (b) their ra-
tios, R(Ni:Fe), as a function of the isovector polarization charge, ε(1)

pol . Experimental 
values are indicated by the horizontal line and their uncertainties as gray regions. 
Predictions are plotted for different sets of isoscalar polarization charges, ε(0)

pol , here 
based on the KB3G-plus-ISB parametrization, cf. Fig. 2(e).

for p orbitals: The respective lines in panel (b) [and panel (d)] are 
close and practically indistinguishable.

The different approaches to handle the isospin-symmetry break-
ing isovector term, V B , are plotted in panel (c). By default, all 
provide the drop in MED between the 0+ and 2+ states. There-
after, the more recently proposed V B:0, V B: J [5], and V B:4x0 [9]
remain similar, contributing at a level of MED ≈ −50 to −70 keV. 
At variance [14], V B:2 provides distinct plateaus at MED ≈ 0 keV 
for the 4+ and 6+ states, and at MED ≈ −80 keV for the core-
excited states.

The sums of contributions for different approaches are provided 
in panel (d). Clearly, the combination of V C M , V C�s , V Cr , and V B:2
[4,14], as well as replacing V Cr with V ′

Cr + V C�� , is in excellent 
agreement with experiment. In turn, trying to account for radial 
effects by parametrizing p-orbital occupation numbers [5,9] fails 
to describe the core-excited states in the T z = ±1, A = 54 mirror 
system. While increasing the respective parameter to (an unreal-
istically large) α = 500 keV can bend the curves down to the ex-
perimental values for the 8+ and 10+ states [without affecting the 
low-spin states, cf. panel (b)], the necessity of requiring very dif-
ferent α parameters to describe experimental data for even-even 
mass A = 54, A = 56, and A = 58 mirror pairs is unsatisfactory. 
Given the survey in panel (e), it is unlikely that using any other 
f p-shell interaction would alter the pattern. For validation, corre-
sponding figures based on other f p-shell interactions are part of 
the Supplemental Material.

With the observation of the complete proton-emission pattern 
of the 10+ isomeric state in 54Ni, an experimental B(E4; 10+ →
6+) = 4.42(98) W.u. can be extracted. The ratio between this and 
the analogue transition in 54Fe, B(E4; 10+ → 6+) = 0.80(9) W.u., 
becomes R = 5.5(14). The constraints set by these three numbers 
can be used to estimate effective charges for B(E4) transitions 
near N = Z , 56Ni, similar to procedures outlined in Refs. [11,12]. 
Fig. 3 shows (a) the absolute B(E4)-value for 54Fe and (b) the ra-
tio, R(Ni:Fe), respectively, as a function of the isovector charge, 
ε

(1)

pol , and for different isoscalar charges, ε(0)

pol . For KB3G, and like-
wise the other interactions of interest (cf. Table 1) and including 
isospin-breaking terms according to Fig. 2(e), it is found that ex-
perimental values can overall be best met with ε(0)

pol = 0.35(5) and 

ε
(1)

pol = −0.05(5). Since επ = 1 +ε
(0)

pol −ε
(1)

pol and εν = ε
(0)

pol +ε
(1)

pol , this 
implies επ ≈ 1.40 and εν ≈ 0.30 for B(E4) transitions near 56Ni.

Using the latter result (or standard effective charges, cf. [45]) 
to calculate the B(E4; 2+ → 6+) transition strength in 52Mn and 
the B(E4; 19/2− → 11/2−) transition strength in 53Fe the pre-
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dictions exceed the measured values [46,47] by about a factor of 
five. This discrepancy increases to a factor of about 30 for the 
B(E4; 12+ → 8+) transition strengths in N = Z 52Fe [45]. A differ-
ence between the states engaged in these transitions and the ones 
in the A = 54, 10+ isomers is that the former are all dominated 
by f7/2-hole configurations, while the initial states for the latter 
are core excited. Below 100Sn, E4 decays from core-excited 12+
and 19+ states are known in 98Cd [48,49] and 96Ag [49,50], re-
spectively. Using standard effective charges, large-scale shell-model 
predictions reproduce the measured B(E4; 19+ → 15+) in 96Ag 
but underestimate the B(E4; 12+ → 8+) in 98Cd, though less with 
a less truncated model space [48,49]. Another, theoretical line of 
thought is the study and use of orbital or state-dependent effec-
tive operators (see, e.g., Refs. [51,52]).

To summarize, with proton radioactivity competing with elec-
tromagnetic decays of the 6457-keV, 10+ , T1/2 = 155(3)-ns iso-
meric state of 54Ni firmly established [13], extended studies of 
isospin-symmetry breaking near doubly magic 56Ni became ac-
cessible, relying on shell-model calculations in the full f p shell. 
Mirror-energy studies of the T z ± 1, A = 54 nuclei show that the 
8+ and 10+ states are anchor points to assess size and validity of 
different approaches concerning the inclusion of isospin-symmetry 
breaking terms. More insights through further experimental con-
straints can be gained by trying to identify the low-spin non-yrast 
states in 54Ni by means of a high-statistics, high-resolution nu-
cleon removal reaction, by identifying states above the 10+ states 
by relativistic Coulomb excitation of an isomeric 54Ni beam, by 
measuring the lifetime of the 6+ state expected at τ ≈ 1.5 ns, 
or by determining the magnetic moment of the isomer, μ(10+) ≈
4.0 μ2

N . Finally, experimentalists may point out that all of the com-
monly used, present-day f p-shell interactions have deficiencies in 
reproducing one or the other observable of the A = 54, T z ±1 mir-
ror nuclei to full satisfaction.
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