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News on mirror nuclei in the sd and fp shells
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Abstract. Novel experimental results on mirror nuclei in the sd and fp shells are presented. Their respective
Mirror Energy Difference (MED) diagrams are interpreted by means of large-scale shell-model calculations.
A unique way of extracting effective charges from isospin symmetry studies is also discussed.

PACS. 23.20.Lv γ transitions and level energies – 21.10.Sf Coulomb energies – 21.60.Cs Shell model –
29.30.Kv X- and γ-ray spectroscopy

The isospin T is a good quantum number under the
fundamental assumptions of charge symmetry and charge
independence of the strong force, which imply that the
proton and neutron can be viewed as two different states
of the same particle, the nucleon [1]. However, the elec-
tromagnetic interaction between protons obviously breaks
this symmetry. These effects can be studied in mirror nu-
clei, which are pairs of nuclei where the number of protons
and neutrons are interchanged.

In this contribution we present novel results on mirror
nuclei in the sd and fp shells, namely the TZ = ±1/2
A = 35 [2], A = 51 [3,4], and A = 61 [5] mirror nuclei.
The interpretation of the experimentally obtained Mirror
Energy Difference (MED) diagrams in these systems goes
beyond the traditional picture.

The A = 35 mirror nuclei were populated in an exper-
iment at the Legnaro National Laboratory (LNL), where
the heavy-ion fusion-evaporation reaction 24Mg+ 40Ca
was studied at a beam energy of 60MeV [6]. As oxygen
was present in the 40Ca target the reaction 24Mg+ 16O
produced the A = 35 mirror nuclei 35Ar and 35Cl, via the
evaporation of one α-particle and one neutron and one
α-particle and one proton, respectively. The γ-rays were
detected with the GASP array [7] in its standard config-
uration with 40 Ge detectors. For the detection of light,
charged particles, the 4π charged-particle detector ISIS [8]
was used. The NeutronRing replaced six of the 80 BGO
elements at the most forward angles.

As expected, the resulting level energies of the A = 35
mirror nuclei displayed in fig. 1 are very similar. How-
ever, there are two obvious differences. The first concerns
the γ-ray energies of the topmost 13/2− → 11/2− transi-
tions, which differ by as much as 300 keV. This difference
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Fig. 1. Experimentally obtained level schemes for the A = 35
mirror nuclei. See text for details.

translates directly into a dramatic decrease of the MED
at Jπ = 13/2−, which is shown in fig. 2. To understand
the origin of the very large 13/2− MED it is useful to
follow the procedure outlined in ref. [9] and expand the
Coulomb part of the MED in a Coulomb monopole com-
ponent (Cm) and a Coulomb multipole component (CM).
The CM component represents the effect of breaking and
aligning pairs of protons and is expected to play a minor
role for the 13/2− states. However, the effect can be seen in
the gradual decrease in the MED values between the 3/2+

and 7/2+ states and between the 7/2− and 11/2− states.
In both cases this is the result when a pair of 1d3/2 protons

(neutrons) aligning in 35Ar (35Cl). The Cm term can be
expanded in several components. Here the focus is on one
of them, namely the hitherto often overlooked electromag-
netic spin-orbit component (Cls). Cls is a single-particle
contribution and its effect is proportional to differences in
the differences of neutron and proton orbital occupancies.
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Fig. 2. Experimental and calculated MED values for the
A = 35, A = 51, and A = 61 mirror nuclei.

It can be written as [10]

Cls = (gs − gl)
1

2m2
nucleonc

2

〈

1

r

dVC(r)

dr

〉

〈l · s〉 , (1)

where gs and gl are the free gyromagnetic factors. For
the negative-parity states in the upper sd shell the Cls
term becomes significant. This is principally because the
negative-parity states involve excitations from an orbital
with j = l − s to one with j = l + s. Specifically, there
is a gain of some 100 keV for the 1f7/2 proton orbit with
respect to the neutron orbit, and the 1d3/2 orbit loses
almost as much. Shell-model calculations indicate that
the 13/2

−

states are the only states where the domi-
nant configurations are based on 1f7/2 to 1d3/2 single-
particle excitations. Thus the Cls term is expected to con-
tribute with roughly half of the observed MED value of the
13/2

−

states. To account for the remaining 150 keV other
Coulomb monopole terms have to be considered [9,2].

The second remarkable difference comes from the de-
cay pattern of the 7/2− states. In 35Ar the 1446 keV E1
branch clearly dominates the 3197 keV M2 decay, while
the corresponding 1400 keV E1 decay is essentially ab-
sent in 35Cl. The state decays directly to the ground state
through the strong 3163 keV M2 transition. The effect is
truly striking and has never been observed before in mir-
ror studies. The dramatic difference in decay patterns of

the 7/2− states in the A = 35 mirror pair can also be
seen when calculating the relevant transition probabili-
ties. Using the known lifetime τ = 45.3(6) ps [11,12] of the
7/2− state in 35Cl, and the relative intensities of transi-
tions [2] we obtain B(M2; 7/2− → 3/2+) = 0.25W.u. and
B(E1; 7/2− → 5/2+) = 2 · 10−8 W.u. Assuming identical
B(M2)’s in both members of the mirror system it follows
that B(E1; 7/2− → 5/2+) = 3 ·10−5 W.u. for 35Ar, which
is three orders of magnitude larger than in 35Cl. This huge
difference in the B(E1) values could in principle be ex-
plained by a cancellation of the E1 matrix elements due to
isospin mixing. The amount of isospin mixing must then
exceed five percent, which is much more than expected.
However, there is no obvious reason for the assumption of
identical B(M2) values. In fact, assuming identical B(E1)
values is an even stronger criterion from isospin symme-
try arguments [1]. However, this leads to B(M2) values
that differ with three orders of magnitude. Future inves-
tigations will hopefully pin down the driving mechanism
responsible for the very asymmetric decay patterns of the
7/2− states.

The A = 51 results are based on two different data
sets. The first set is based on two Gammasphere exper-
iments performed at the Argonne National Laboratory
(1999) and at the Lawrence Berkeley National Labora-
tory (2001) [4,13]. Both experiments employed the fusion-
evaporation reaction 32S + 28Si at 130MeV beam energy.
The γ-rays were detected in the Gammasphere array [14],
which at the time comprised 78 Ge-detectors. For the de-
tection of light, charged particles the 4π CsI-array Mi-
croball [15] was used. The Neutron Shell [16] replaced the
five most forward rings of Gammasphere to enable the
detection of evaporated neutrons. The reaction leads to
the A = 51 mirror nuclei 51Fe and 51Mn following the
evaporation of two α-particles and one neutron, and two
α-particles and one proton, respectively. The second data
set is based on an experiment aiming at measuring the life-
times of the 27/2− analogue states in the A = 51 mirror
nuclei by means of the recoil distance Doppler shift tech-
nique. The experiment was performed at LNL using the
reaction 32S + 24Mg with a beam energy of 95MeV [3].
The enriched 24Mg target was mounted inside the Cologne
plunger device [17] and data were taken at 21 target-
stopper distances ranging from electric contact to 4.0mm.

From the Gammasphere data it was possible to identify
some fifty core excited states in the TZ = +1/2 nucleus
51Mn [18]. Despite the much lower experimental cross sec-
tion three (one tentative) previously unknown core-excited
states were also identified in the TZ = −1/2 mirror part-
ner 51Fe [4]. The obtained experimental level schemes
(only the relevant part for 51Mn) are shown in fig. 3 and
the experimentally obtained MED diagram is shown in
fig. 2 as open squares. The data up to spin J = 27/2 repre-
sent previously known experimental data [19,20], whereas
the data points for J = 29/2 and J = 31/2 represent
the new information arising from the yrast core excited
states. As seen in fig. 2 the MED decreases rapidly from
the fully aligned J = 27/2 states, which are based on a sin-
gle 1f7/2 configuration (∼ 70%), to the core excited states.
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Fig. 3. Experimentally obtained level schemes for the A = 51 mirror nuclei. See text for details.

To interpret the experimental MED diagram large-scale
shell-model calculations were performed using the shell-
model code ANTOINE [21,22]. The calculations were per-
formed using the KB3G with Coulomb interaction [23] in
the full fp space containing the 1f7/2 orbit below and the
2p3/2, 1f5/2, and 2p1/2 orbits above the N = Z = 28 shell
closures. The configuration space was truncated, i.e., five
particle excitations from the 1f7/2 shell to the upper fp
shell were allowed. This was found to provide virtually
identical results compared to calculations in the fp space
without truncations on yrast states in 1f7/2 nuclei [23]. To
account for the Coulomb interaction the proton two-body
matrix elements were constructed by adding harmonic os-
cillator Coulomb matrix elements to the plain two-body
matrix elements of the KB3G interaction. The calcula-
tions of MED values follow a procedure suggested and
discussed in detail in ref. [9]. The results are included in
fig. 2 as filled squares. Although the agreement for the
yrast core excited states is not perfect it was found that
the inclusion of the Coulomb monopole term is crucial for
explaining the observed MED values.

The lifetimes of the yrast 27/2− states in the A = 51
mirror nuclei was deduced from the LNL experiment. The
resulting lifetimes are τ ∼ 101 ps and τ ∼ 70 ps for 51Mn
and 51Fe, respectively [3]. To study the consequences of
the lifetime results on polarization and effective charges
large-scale shell-model calculations were performed using
the shell-model code ANTOINE with the same model
space and truncations as described above. Three differ-
ent interactions were used in the analysis: The standard
KB3G interaction without any Coulomb interaction, with
theoretical harmonic-oscillator Coulomb matrix elements

(Coulomb HO), and with the 1f7/2 Coulomb matrix el-
ements replaced with the experimental values from the
A = 42 mirror pair (Coulomb A42). The effective proton
and neutron charges used in the calculations are expanded

in terms of isoscalar e
(0)
pol and isovector e

(1)
pol polarization

charges according to

εp = 1 + e
(0)
pol − e

(1)
pol ; εn = e

(0)
pol + e

(1)
pol , (2)

To obtain agreement between experimental and theoret-

ical B(E2) values e
(0)
pol ∼ 0.47 and e

(1)
pol ∼ 0.32 must be

used, almost independent of the interaction. This converts
into effective proton and neutron charges of ∼ 1.15 and
∼ 0.80, respectively. Interestingly, this is very close to the
predicted values in ref. [24] in the case of N ∼ Z nuclei.
It was also investigated how the harmonic-oscillator pa-
rameter, b0, which determines the radii of the wave func-
tions, influences the polarization charges. As seen in fig. 4
the isoscalar polarization charge is affected the most when
changing the b0 parameter.

The A = 61 experiment was conducted at the Holifield
Radioactive Ion Beam Facility (HRIBF) at Oak Ridge
National Laboratory as described in detail in ref. [5]. In
fusion-evaporation reactions of a 40Ca beam at 104MeV,
impinging on a 24Mg target foil, the mirror nuclei 61Ga
and 61Zn nuclei were produced via the evaporation of one
proton and two neutrons and two protons and one neu-
tron, respectively. The Ge detector array CLARION [25]
was used to detect the γ radiation at the target position.
After the particle evaporation and prompt γ-decay pro-
cesses the reaction products are recoiling from the thin
target into the Recoil Mass Spectrometer [25] before fi-
nally being stopped in an Ionization Chamber.
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Fig. 5. Experimentally obtained level schemes for the A = 61
mirror nuclei. See text for details.

Four excited states in the TZ = −1/2 nucleus 61Ga
were identified and are shown in fig. 5. When comparing
with the relevant part of the 61Zn level scheme, MED val-
ues represented by open squares in fig. 2 are obtained. Pre-
dictions from large-scale shell-model calculations using the
shell-model code ANTOINE are included in fig. 2. The cal-
culations were performed in the same model space as be-
fore, but this time the configuration space was truncated
to allow for three particle excitations from the 1f7/2 shell
into the upper fp shell. The calculations were performed
using the GXPF1 [26,27] with Coulomb interaction. In the
first calculation the standard GXPF1 single-particle ener-
gies were used for both protons and neutrons, to estimate
the Coulomb multipole component. The result is shown as
filled circles in fig. 2. It is seen that the correct sign of the
MED values is reproduced, although the calculated MED
values are typically 50 to 100 keV smaller than the exper-
imental values. These discrepancies may be the result of
Coulomb monopole effects discussed above, and especially
the Cls component is expected to be important since exci-
tations from the 2p3/2 orbit to the 1f5/2 and 2p1/2 orbits
are present in the formation of the observed states. The
result from a calculation where the single-particle ener-
gies have been modified according to eq. (1) is shown in
fig. 2 as filled squares. It is seen that the agreement with
the observed MED values has improved considerably. Last
but not least it is intriguing to take a closer look at the
level schemes in fig. 5. There is no apparent hint for the
9/2+ → 7/2− → 5/2− (1403–873 keV in 61Zn) or the
9/2+ → 7/2− → 3/2− (1403–996 keV in 61Zn) sequence
in 61Ga in the present data set, even though the branch

through the 2399 keV 9/2+ state in 61Zn has about the
same intensity as the 13/2− → 9/2− → 5/2− cascade. A
possible explanation for the non-observed γ-rays decaying
from a 9/2+ state in 61Ga is a 1g9/2 proton decay from

that level into the ground state of 60Zn.
To summarize, experimental isospin symmetry studies

have been extended to involve nuclei in the sd and upper
fp shells. The importance of the hitherto overlooked elec-
tromagnetic spin-orbit effect has been shown. The strong
asymmetry in the decay pattern of the 7/2− states in the
A = 35 mirror nuclei indicate the presence of isospin mix-
ing and needs to be investigated further. Studies of the
A = 51 mirror nuclei have revealed two interesting and
novel features: i) mirror symmetry studies of core-excited
states and ii) an unique way of extracting isoscalar and
isovector polarization charges simultaniously.
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