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Isospin Symmetry and Isospin Breaking
Charge symmetry Charge independence
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Isospin invariance

Isospin non-conserving 
interactions (INC)
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Isovector interaction Isotensor interaction

Probed in mirror nuclei (MED) Probed in T=1 triplets (TED)
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FIG. 1. �-ray transitions found in coincidence with (a) 52Ni fragments, (b) 52Cr, (c) 51Co and

(d)51Cr. The dashed lines indicate proposed correspondence between the mirror nuclei.
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52Ni 52Cr

P.J.Davies et. al., PRL 111 072501 (2013)
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Extract from fit?
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Isospin The N⇠Z region

Triplet-energy di↵erences

I Triplet-energy di↵erences (TEDs) are the di↵erence between the
average of the like-nucleon (pp & nn) interaction and the pn
interaction.

I These are in principle independent of single-particle e↵ects - only
sensitive to INC elements of the nuclear interaction.

I TEDs can therefore be used to investigate the nature of the nuclear
potential - in particular its isospin dependence.
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J. Henderson � tagging of exotic N⇠Z nuclides July 1, 2014 6 / 51
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peaks at 1135(2) keV [I1135 keV=70(40)] and 1456(2) keV
[I1456 keV=50(30)] are assigned to de-excite the 4+ and
6+ levels, respectively, as the observed pattern represents
a typical spectrum of the strongest yrast transitions in
an even-even nucleus. The 6+ assignment over 5− for the
state at 3520 keV is supported by the fact that the energy
of 1456 keV is closer to the energy of 6+ → 4+ transi-
tion than 5− → 4+ transition in 66Ge [26, 27]. Secondly,
the systematics of Se isotopes imply that the 5− state
should remain above the 6+ state in excitation energy
making the population of the 6+ state more favourable
as it is yrast. Thirdly, no additional γ rays are observed
around energies of 500 keV and 900 keV as the feeding
and depopulation of the 5− state in 66Ge would indicate.
In the case of low statistics, which is especially true

for the 1456 keV peak residing in the area of almost zero
background (see the inset in Fig. 1(c)), the decay times
of the recoils associated with the prompt γ rays can be
investigated. The standard deviation (σΘexp

= 1.07) of
the logarithmic β-decay-time distribution, which is ob-
tained by gating on the 929-keV, 1135-keV and 1456-
keV lines, meets the recommended limits (σlower

Θexp
= 0.77,

σupper
Θexp

= 1.75) for 16 events, which indicates that the
observed activity originates from the decay of one ra-
dioactive species [28]. The derived β-decay half-life of
38+13

−8 ms is also in agreement with Ref. [25]. This re-
sult, together with the arguments above, indicate that
the observed γ rays originate from 66Se.
The TED and MED data for A = 66 are plotted in

Fig. 2(a) and (b), respectively, along with the data for
nuclei in the f7/2 shell. The TED follow a negative trend
within each triplet while the MED vary from case to case.
The significant variation of the MED reflects the fact they
depend strongly on Coulomb multipole effects associated
with recoupling the angular momenta of pairs of particles
as a function of spin. The sign of the MED depends on
whether it is protons or neutrons that are active in a par-
ticular member of the mirror pair. In addition, monopole
effects will also contribute and will vary in sign from case
to case. However, the TED are remarkably consistent in
sign and, to a large extent, magnitude. This is partly
associated with the fact that multipole effects will domi-
nate the TED. Indeed, under the assumption of identical
wave functions across the triplet, the monopole contribu-
tions discussed earlier effectively cancel in the calculation
of the TED. Identical wave functions is a reasonable as-
sumption for well-bound states, although in heavier sys-
tems, there are predictions of different shape-driving ef-
fects that will destroy this symmetry [38].
The fact that the TED are negative can be explained

in a simple picture since they are directly dependent
on the isotensor part of the two-body interaction - i.e.
Vpp + Vnn − 2Vnp (see Eq. 2). The TED decreasing with
spin has its origin in two separate effects. Firstly, the
number of T = 1 np pairs, for a given analogue state, is
always larger in the odd-odd N = Z nucleus than in the

FIG. 1: (a) Recoil-β tagged JUROGAMII singles γ-ray spec-
trum with a 0.5−10-MeV β gate. (b) Same as (a) but with
charged-particle suppression. (c) Same as (b) but with an
additional delayed γ ray veto condition (see text for further
details). The inset in panel (c) illustrates the low background
region around the 1456 keV line.

FIG. 2: (Color online) (a) The TED for the nuclei in
A = 42−66 region. (b) Same as (a) but for the MED. Data are
taken from the present work and from Refs. [5, 6, 15, 26, 29–
37]. The inset in panel (a) shows spins, parities and excitation
energies (in keV) of IAS in A = 66 nuclei.
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of the recoils associated with the prompt γ rays can be
investigated. The standard deviation (σΘexp

= 1.07) of
the logarithmic β-decay-time distribution, which is ob-
tained by gating on the 929-keV, 1135-keV and 1456-
keV lines, meets the recommended limits (σlower

Θexp
= 0.77,

σupper
Θexp

= 1.75) for 16 events, which indicates that the
observed activity originates from the decay of one ra-
dioactive species [28]. The derived β-decay half-life of
38+13

−8 ms is also in agreement with Ref. [25]. This re-
sult, together with the arguments above, indicate that
the observed γ rays originate from 66Se.
The TED and MED data for A = 66 are plotted in

Fig. 2(a) and (b), respectively, along with the data for
nuclei in the f7/2 shell. The TED follow a negative trend
within each triplet while the MED vary from case to case.
The significant variation of the MED reflects the fact they
depend strongly on Coulomb multipole effects associated
with recoupling the angular momenta of pairs of particles
as a function of spin. The sign of the MED depends on
whether it is protons or neutrons that are active in a par-
ticular member of the mirror pair. In addition, monopole
effects will also contribute and will vary in sign from case
to case. However, the TED are remarkably consistent in
sign and, to a large extent, magnitude. This is partly
associated with the fact that multipole effects will domi-
nate the TED. Indeed, under the assumption of identical
wave functions across the triplet, the monopole contribu-
tions discussed earlier effectively cancel in the calculation
of the TED. Identical wave functions is a reasonable as-
sumption for well-bound states, although in heavier sys-
tems, there are predictions of different shape-driving ef-
fects that will destroy this symmetry [38].
The fact that the TED are negative can be explained

in a simple picture since they are directly dependent
on the isotensor part of the two-body interaction - i.e.
Vpp + Vnn − 2Vnp (see Eq. 2). The TED decreasing with
spin has its origin in two separate effects. Firstly, the
number of T = 1 np pairs, for a given analogue state, is
always larger in the odd-odd N = Z nucleus than in the

FIG. 1: (a) Recoil-β tagged JUROGAMII singles γ-ray spec-
trum with a 0.5−10-MeV β gate. (b) Same as (a) but with
charged-particle suppression. (c) Same as (b) but with an
additional delayed γ ray veto condition (see text for further
details). The inset in panel (c) illustrates the low background
region around the 1456 keV line.

FIG. 2: (Color online) (a) The TED for the nuclei in
A = 42−66 region. (b) Same as (a) but for the MED. Data are
taken from the present work and from Refs. [5, 6, 15, 26, 29–
37]. The inset in panel (a) shows spins, parities and excitation
energies (in keV) of IAS in A = 66 nuclei.
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FIG. 18. Decay scheme of 52Ni deduced from the present exper-
iment. The energy of the 2+ level is assumed from the mirror 52Mn.
The dashed 1+ state has been observed in 52Mn.

for the decay of the IAS to the ground state in 51Fe, and the
calculated Weisskopf transition probability for the γ decay of
the IAS to the 1+ level at 519 keV is of the same order of
magnitude. In the mirror 52Mn the 2+ level at 378 keV is an
isomer with a half-life of 21.1 min. Hence the 2+ level in 52Co
is also likely to be an isomeric state decaying by β emission
to 52Fe.

C. β decay of 56Zn

The 56Zn nucleus was observed for the first time in 1999
in an experiment carried out at GANIL [29]. However, before
the present experiment there was only a little information on
the decay of 56Zn and the excited states of its daughter 56Cu.
The observation of β-delayed proton emission was reported
in Ref. [8], but only by improving the statistics and energy
resolution has it been possible to perform a fine study of

the energy levels in 56Cu. Moreover, β-delayed γ rays were
reported for the first time in the present experiment [7].

The correlation-time spectrum for 56Zn with selection of
the proton emission (DSSSD energy above 0.8 MeV) is shown
in Fig. 4. It has already been discussed in Sec. III B 1. A least
squares fit to the data using the function in Eq. (1) gives a
half-life of T1/2 = 32.9(8) ms.

Figure 6(c) shows the DSSSD charged-particle spectrum
obtained for decay events correlated with 56Zn implants. In
this case only a small number of β particles not coincident
with protons are observed below 0.8 MeV, while above this
energy the decay is dominated by β-delayed proton emission.
The fit of the six proton peaks identified, shown in Fig. 7(b),
was performed as explained in Sec. III E. In the figure the peaks
are labeled according to the corresponding excitation energies
in 56Cu, obtained by adding Sp = 560#(140#) keV [30] (see
Sec. V) to the measured proton energy Ep.

The total proton branching ratio, determined according
to the procedure of Sec. III D, is Bp = 88.5(26)%, in good
agreement with the value 86.0(49)% reported in Ref. [8].
Thanks to the higher energy resolution, we were able to
identify the first proton peak at Ep = 0.831 MeV (EX =
1.391 MeV), while in Ref. [8] it was assumed proton emission
only occurred above 0.9 MeV.

The comparison of the DSSSD spectrum with the mirror
spectrum obtained in the 56Fe(3He ,t)56Co CE reaction [31]
has already been discussed in Ref. [7]. There is a remarkable
isospin symmetry. The 56Cu levels seen in the DSSSD spec-
trum at EX = 1.691, 2.537, 2.661, and 3.508 MeV correspond
to the 56Co levels seen in the CE spectrum at 1.720, 2.633,
2.729, and 3.599 MeV. The broader 56Cu peak at 3.423 MeV
contains, unresolved [7], at least two of the three states seen
in 56Co at 3.432, 3.496, and 3.527 MeV. In addition, the
56Cu level at 1.391 MeV is the 0+ antianalog state [32] and
corresponds to the 56Co level at 1.451 MeV, which is not
populated in the CE reaction. The 2.633-MeV level is also
very weakly populated in the CE experiment. Thus we expect
that the 1.391- and 2.537-MeV levels will only receive a small
amount of feeding in the β decay and are populated only
indirectly by γ decay from the levels above. This has been
taken into account in the calculation of the γ de-excitation of
the IAS [7].

A γ -ray spectrum for the decay of 56Zn has been measured
for the first time. In the spectrum, shown in Fig. 9(c), a γ ray
at 1835 keV is observed. Two additional γ rays have been
identified at 309 and 861 keV from γ -proton coincidences.
Figure 19 shows the three γ lines.

The 56Zn decay scheme is shown in Fig. 20, which also
shows the half-lives of the daughter nuclei [25]. Table V
summarizes our results on the β decay of 56Zn, giving the
energies and intensities of the proton and γ peaks, the β
feedings, the B(F) and B(GT) strengths (where we used
Qβ = 12870#(300#) keV [30]; see Sec. V).

The 56Zn ground state decays by a Fermi transition to its
IAS in 56Cu. From there, two γ rays of 861 and 1835 keV
are emitted, populating the 2.661- and 1.691-MeV levels in
56Cu, respectively. Due to the low Sp, these levels are still
proton unbound and thereafter they both decay by proton
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TABLE III. Summary of the results for the β+ decay of 48Fe. Center-of-mass proton energies Ep,γ -ray energies Eγ , and their intensities
(normalized to 100 decays) Ip and Iγ , respectively. Excitation energies EX, β feedings Iβ , Fermi B(F), and Gamow-Teller B(GT) transition
strengths to the 48Mn levels. The values for the 2634-keV γ ray are taken from Ref. [8].

Ep(keV) Ip (%) Eγ (keV) Iγ (%) EX (keV) Iβ (%) B(F) B(GT)

2737(10) 0.8(1) 4755(14) 0.8(1) 0.10(2)
2499(10) 1.3(5) 4517(14) 1.3(5) 0.16(6)
2381(10) 0.9(4) 4399(14) 0.9(4) 0.10(4)
2281(10) 1.2(3) 4299(14) 1.2(3) 0.13(3)
1695(10) 1.3(2) 3713(14) 1.3(2) 0.10(2)
1601(10) 0.9(3) 3619(14) 0.9(3) 0.06(2)
1477(10) 1.8(3) 3495(14) 1.8(3) 0.12(2)
1186(10) 1.0(3) 3204(14) 1.0(3) 0.06(2)
1018(10) 4.8(3) 2633.5(5)a 30(5)a 3036(2)b 34.8(50) 2.8(4)

90(1) 72(14) 403(1) 42(15) 0.47(17)
313(1) 65(13) 313(1)

aFrom Ref. [8].
bIAS.

other weak γ branches which are not observed. In addition,
we took the intensity of the 2634-keV γ line from Ref. [8]
where there is also missing IAS feeding.

Considering Bp = 14.4(7)% and the intensity of the 90-keV
γ line, 72(14)%, we get a total β feeding of 87(14)%, thus
globally there is a missing β feeding of 13(14)%. This value is
compatible with the missing feeding in the IAS, however the
sizable uncertainty lets us explore an additional hypothesis. In
the mirror nucleus 48V two 1+ states are observed at 2.288 and
2.406 MeV, also seen in a recent measurement of the charge
exchange (CE) reaction 48Ti(3He ,t)48V [27]. Due to the mirror
symmetry, these states should also exist in 48Mn and they
could explain part of the missing feeding. However we cannot
make a conclusive statement about this hypothesis because
we do not see any γ line compatible with their population
or de-excitation, although the statistics expected for these
weak lines may place them below our sensitivity limit. In
addition the corresponding proton decay from these 1+ states is
expected at Ep around 300–400 keV and so the corresponding
peaks, if they exist, would lie beneath the β bump, making it
impossible to identify them in the DSSSD spectrum. In Fig. 13,
however, the coincidence with the 98-keV γ ray suppresses
the β bump and a group of peaks is visible in the region 200–
500 keV, compatible with the expected energies. We calculated
the barrier-penetration half-life for the expected protons and
found it to be in the range 10−10–10−7 s, while the partial
half-life for γ decay using the Weisskopf estimate is around
10−15–10−14 s. Therefore the γ decay should dominate unless
additional reasons, lying in the structure of the nuclear states
involved, would favor the proton decay.

B. β decay of 52Ni
52Ni was observed for the first time at GANIL [24]. The

decay of 52Ni was studied in Refs. [8,23].
Figure 15 shows the correlation-time spectrum obtained for

52Ni in our experiment, where the proton decays have been
selected by putting a threshold of 0.98 MeV on the energy in
the DSSSD. The data are fitted with the function of Eq. (1),

including the β decay of 52Ni and a constant background. A
half-life of 42.8(3) ms is obtained. The maximum likelihood
and least squares minimization methods gave the same result.
The total proton branching ratio is determined as explained in
Sec. III D. We obtain Bp = 31.1(5)%, in good agreement with
the value 31.4(15)% from Ref. [8].

Figure 16(a) shows the DSSSD charged-particle spectrum
obtained for decay events correlated with 52Ni implants. The
bump observed below 1 MeV is attributed to β particles not
coincident with protons (the structure in the bump comes
from the different thresholds of the strips in the DSSSD). Ten
discrete peaks are identified above this bump and interpreted
as being due to β-delayed proton emission. The fit to these
peaks, performed as in Sec. III E, is shown in Fig. 16(b). The
peaks are labeled according to the corresponding excitation
energies in 52Co, obtained by adding Sp = 1574(51) keV (see
Sec. V) to the measured proton energy Ep in each case.

The DSSSD spectrum can be compared to the spec-
trum obtained from the mirror CE experiment, the reaction
52Cr(3He, t)52Mn [see Fig. 45(a) in Ref. [5]]. All the dominant
transitions are observed in both spectra, showing a good
isospin symmetry. In detail, the 52Mn peaks seen in the
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FIG. 15. Spectrum of the time correlations between each proton
decay (DSSSD energy >0.98 MeV) and all 52Ni implants.
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TABLE II. Correction of the intensity of the 48Fe β-delayed
proton emission due to the coincidences with the 98-keV γ ray (see
text). Center-of-mass proton energies Ep , excitation energies EX in
48Mn, the intensities before correction I i

p (normalized to 100 decays),
the corrections derived from the spectrum in coincidence with the
98-keV γ ray, #Ip(%) (see Fig. 13 and text), and the intensities after
correction I f

p .

Ep(keV) EX(keV) I i
p (%) #Ip (%) I f

p (%)

2499(10) 4517(14) 1.2(5) +0.1 1.3(5)
2381(10) 4399(14) 0.8(4) +0.2 −0.1 0.9(4)
2281(10) 4299(14) 1.3(3) +0.1 −0.2 1.2(3)

1695(10) 3713(14) 0.7(2) +0.6 1.3(2)
1601(10) 3619(14) 1.5(2) −0.6 0.9(3)

1018(10) 3036(2)a 4.5(3) +0.3 4.8(3)

aIAS.

in coincidence with part of the 3.619-MeV proton peak,
indicating that this part of the intensity (0.6%), given in
Table II as #Ip in percent, comes from the decay of the
observed 3.713-MeV level to the first excited state of 47Cr.
Hence the intensities of the 3.619- and 3.713-MeV peaks have
been corrected by shifting this 0.6% intensity from the lower
energy level to the upper one, as indicated in Table II. At
higher energy a triplet of peaks is observed (4.299, 4.399, and
4.517 MeV), the first two of which are also separated by around
100 keV, for which a small amount of intensity is also observed
in coincidence with the 98-keV γ ray (dashed-red histogram
in Fig. 13). Thus the intensities of this triplet of peaks have
been corrected in a similar way (see Table II). Finally, in the
γ -gated spectrum a small peak (of intensity 0.3%) is seen at
Ep ≈ 0.9 MeV, which is attributed to the decay of the IAS to
the first excited state in 47Cr, thus this intensity is added to
the IAS one. Table II shows the corrections and the intensities,
before and after correcting.

The weight of evidence outlined above supports the decay
scheme shown in Fig. 14. There is an alternative explanation,
namely that the levels at 3.619 and 4.299 MeV do not exist and
the corresponding proton peaks are due to transitions from the
3.713- and 4.399-MeV levels, respectively, to the first excited
state in 47Cr. To indicate this possibility we show the levels at
3.619 and 4.299 MeV with dashed lines in Fig. 14.

The coincidence with the 98-keV γ ray selects proton-
decay events only. The half-life associated with the γ line at
98 keV agrees well with the 48Fe half-life obtained in Fig. 10.
This is an additional confirmation that the fit in Fig. 10 is not
affected by some possible residual contribution from the β tail
in the region Ep > 0.94 MeV.

Our observations are summarized in the 48Fe decay scheme
in Fig. 14 and in Table III, which gives the energies and
intensities of the proton and γ peaks, the β feedings, the B(F)
and B(GT) strengths [where we used Qβ = 11 202(19) keV
determined in Sec. V]. Figure 14 also shows the half-lives of
the daughter nuclei [25].

The IAS decays by both proton emission and γ de-
excitation, via the γ cascade at 2634, 90, and 313 keV.
Indeed barrier-penetration calculations give a partial proton
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FIG. 14. Decay scheme of 48Fe deduced from the present experi-
ment. Explanations on the dashed levels at 3.619 and 4.299 MeV are
given in the text.

half-life of t1/2 ∼ 10−17 s, two orders of magnitude smaller
than the γ de-excitation probability. Since the proton emission
is isospin forbidden, the γ decay can compete with it. From our
data, each 100 decays from the IAS divide into 14(2) proton
decays to the ground state of 47Cr, and 86(19) γ decays to
the ground state of 48Mn. The two possible decay modes of
the IAS give two independent determinations of the excitation
energy of the IAS. From our measured proton energy and the
experimental mass excess of the ground states in 47Cr and
48Mn [26] we get EIAS

X = 3.066(170) MeV, while from the
summing of the energies of the de-exciting γ lines we obtain
EIAS

X = 3.036(2) MeV. The two values agree well with each
other and the second is a lot more precise.

The total β feeding of the IAS is 34.8(50)% and
B(F) = 2.8(4). We calculated that the β feeding should be
49(3)% to get the expected B(F) = |N − Z| = 4. A possible
explanation for the missing feeding could be that there are

044336-10
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FIG. 1. Left: (solid lines and solid arrows) the level and decay scheme for 52Co, as deduced from this current work. The widths
of the arrows are proportional to the relative intensities of � rays observed in 52Co. The dashed lines and hollow arrows are
taken from previous work [25]. Right: The known decay scheme [23] for 52Mn, where the lowest-energy state of each spin is
shown. The numbers in square parentheses are the measured relative branching ratios (normalised to 100) where there is more
than one � decay from a state.

of high-spin states far from stability remain exceptionally
challenging.

However, radioactive nuclei can be created in high-spin
isomeric states, with high probability, in fragmentation
reactions at relativistic energies (e.g. [11]). A highly e↵ec-
tive method, recently extensively employed (e.g. [12, 13])
is to identify exotic fragments in-flight, implant them
post separation and perform �-ray spectroscopy of decays
below the isomeric states, correlated with the implanted
nucleus (e.g. [12, 13]). The possibility of using isomeric
beams to perform in-beam reactions has long been con-
sidered as a potentially powerful method (see e.g. [14])
and there have been some pioneering experiments to per-
form, for example, Coulomb excitation [15] or fusion [16]
reactions with radioactive beams in high-spin isomeric
states. In this work, the high-spin study of 52Co was
performed using a new in-flight approach – namely a
knockout reaction on an isomeric beam – a method that
has the capability of creating nuclei further from stabil-
ity, and at higher spins, than the isomer itself. In the
current work, a one-neutron knockout reaction, from a
high-spin 247 ms isomer in 53Co, was shown to popu-
late states up to J⇡ = 11+ in 52Co. The direct nature
of the knockout process results in selective population
of specific high-spin states. We show that when coupled
to a reliable reaction-model calculation, this process can
yield a highly sensitive method for in-beam spectroscopy
of high-spin states in exotic nuclei.

The experiment was performed at the National Super-
conducting Cyclotron Laboratory (NSCL) at Michigan
State University (MSU), where excited states in 52Co
were populated via one-neutron knockout from the ra-
dioactive secondary beam 53Co (T

z

= �1/2). The sec-
ondary beam was produced via the fragmentation of a
160 MeV/nucleon 58Ni primary beam impinging upon a

thick 9Be primary target, positioned at the entrance of
the A1900 fragment separator [17, 18]. The resulting
fragments were then separated by the A1900 and iden-
tified from their time of flight. The ⇠77 MeV/nucleon
53Co secondary beam impinged on a 188-mg/cm2 9Be
target at the reaction target position of the S800 [19, 20].
In-flight � rays from the knockout reaction residues were
recorded by the Segmented Germanium Array (SeGA)
detectors [21], positioned in two rings at 37o and 90o,
with respect to the beam axis. Unique particle identifi-
cation was achieved through measuring the energy loss
in the S800 ionization chamber and the time-of-flight
through the spectrograph.
The only information currently available on the struc-

ture of 52Co comes from the �-decay and �-delayed pro-
ton decay from 52Ni [22–25]. A number of high-lying
(presumed 1+) proton decaying states have been estab-
lished [25] as well as three states of of J⇡ = (0+, 1+, 2+)
connected by gamma decays [22, 25] – as indicated in the
far left side of Fig. 1. The spins and parities of these lat-
ter states were assigned on the basis of mirror symmetry
with 52Mn, with the (0+) state assumed to be the IAS
of the T = 2 ground state of 52Ni. The excitation ener-
gies have not been determined, even though the absolute
binding energies have been measured through the proton
decay of the (0+) state [25]. The (2+) state is expected
to be isomeric, like its analogue in 52Mn (T 1

2
= 21.1 min-

utes [26]) which decays predominately via �-decay with
a small internal-conversion branch [27]. Very recently,
the beta-decay of the (2+) isomer in 52Co has been ob-
served [24], with a measured half life of 102(6) ms, al-
though the excitation energy remains unknown.
The Doppler-corrected �-ray spectrum for 52Co from

the current work is presented in Fig. 2(a), where a signif-
icant number of new transitions can be observed. The
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FIG. 1. Left: (solid lines and solid arrows) the level and decay scheme for 52Co, as deduced from this current work. The widths
of the arrows are proportional to the relative intensities of � rays observed in 52Co. The dashed lines and hollow arrows are
taken from previous work [25]. Right: The known decay scheme [23] for 52Mn, where the lowest-energy state of each spin is
shown. The numbers in square parentheses are the measured relative branching ratios (normalised to 100) where there is more
than one � decay from a state.

of high-spin states far from stability remain exceptionally
challenging.

However, radioactive nuclei can be created in high-spin
isomeric states, with high probability, in fragmentation
reactions at relativistic energies (e.g. [11]). A highly e↵ec-
tive method, recently extensively employed (e.g. [12, 13])
is to identify exotic fragments in-flight, implant them
post separation and perform �-ray spectroscopy of decays
below the isomeric states, correlated with the implanted
nucleus (e.g. [12, 13]). The possibility of using isomeric
beams to perform in-beam reactions has long been con-
sidered as a potentially powerful method (see e.g. [14])
and there have been some pioneering experiments to per-
form, for example, Coulomb excitation [15] or fusion [16]
reactions with radioactive beams in high-spin isomeric
states. In this work, the high-spin study of 52Co was
performed using a new in-flight approach – namely a
knockout reaction on an isomeric beam – a method that
has the capability of creating nuclei further from stabil-
ity, and at higher spins, than the isomer itself. In the
current work, a one-neutron knockout reaction, from a
high-spin 247 ms isomer in 53Co, was shown to popu-
late states up to J⇡ = 11+ in 52Co. The direct nature
of the knockout process results in selective population
of specific high-spin states. We show that when coupled
to a reliable reaction-model calculation, this process can
yield a highly sensitive method for in-beam spectroscopy
of high-spin states in exotic nuclei.

The experiment was performed at the National Super-
conducting Cyclotron Laboratory (NSCL) at Michigan
State University (MSU), where excited states in 52Co
were populated via one-neutron knockout from the ra-
dioactive secondary beam 53Co (T

z

= �1/2). The sec-
ondary beam was produced via the fragmentation of a
160 MeV/nucleon 58Ni primary beam impinging upon a

thick 9Be primary target, positioned at the entrance of
the A1900 fragment separator [17, 18]. The resulting
fragments were then separated by the A1900 and iden-
tified from their time of flight. The ⇠77 MeV/nucleon
53Co secondary beam impinged on a 188-mg/cm2 9Be
target at the reaction target position of the S800 [19, 20].
In-flight � rays from the knockout reaction residues were
recorded by the Segmented Germanium Array (SeGA)
detectors [21], positioned in two rings at 37o and 90o,
with respect to the beam axis. Unique particle identifi-
cation was achieved through measuring the energy loss
in the S800 ionization chamber and the time-of-flight
through the spectrograph.
The only information currently available on the struc-

ture of 52Co comes from the �-decay and �-delayed pro-
ton decay from 52Ni [22–25]. A number of high-lying
(presumed 1+) proton decaying states have been estab-
lished [25] as well as three states of of J⇡ = (0+, 1+, 2+)
connected by gamma decays [22, 25] – as indicated in the
far left side of Fig. 1. The spins and parities of these lat-
ter states were assigned on the basis of mirror symmetry
with 52Mn, with the (0+) state assumed to be the IAS
of the T = 2 ground state of 52Ni. The excitation ener-
gies have not been determined, even though the absolute
binding energies have been measured through the proton
decay of the (0+) state [25]. The (2+) state is expected
to be isomeric, like its analogue in 52Mn (T 1

2
= 21.1 min-

utes [26]) which decays predominately via �-decay with
a small internal-conversion branch [27]. Very recently,
the beta-decay of the (2+) isomer in 52Co has been ob-
served [24], with a measured half life of 102(6) ms, al-
though the excitation energy remains unknown.
The Doppler-corrected �-ray spectrum for 52Co from

the current work is presented in Fig. 2(a), where a signif-
icant number of new transitions can be observed. The
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FIG. 3. (colour online). (a) Calculated relative cross sections
for states in 52Co populated via one-neutron knockout from
either the 53Co ground state (J⇡ = 7/2�) [green], the high-
spin isomeric state (J⇡ = 19/2�) [blue] or both [red]. A
fractional population of the isomer of 27% has been assumed
(see text). (b) The experimentally measured relative cross
sections for states in 52Co.

ulated states are shown in the plot. Although all states
with J⇡ between 0+ and 11+ are predicted to be directly
populated, the vast majority (⇠ 98%) of the cross section
is predicted to be distributed among the 12 states shown
in Fig. 3(a). All the remaining (not plotted) states have
predicted individual population intensities of < 0.25%.
The cross sections are shown separately for states which
can be accessed from (i) the ground state only, (ii) the
isomer only and (iii) both the ground state and isomer.
In making this plot, it is necessary to know the fraction
of the beam that is in the isomeric state, of which we
have no experimental measure. Therefore, the isomeric
fraction was allowed to vary until the relative population
of the two groups of states (i) and (ii) above is similar
to that observed in the experiment. This yields a frac-
tion of approximately 27% of the beam particles being in
the isomeric state. This has been used in Fig. 3(a). The
decay is predicted to proceed principally to the lowest
energy state for each spin. The exception is J⇡ = 3+,
where the model has two 3+ states close in energy. The
3+1 state wave function is found to contain at least one
proton excitation out of the f 7

2
shell, and hence has little

overlap with the parent state in 53Co, with the majority
of this overlap present in the 3+2 state instead.

The experimentally measured relative cross sections,
for all observed states, are shown in Fig. 3(b). Even
though we are unable to establish the spin and parity
of the state from which the 459-keV transition decays,
it seems very likely from this comparison that it corre-
sponds to the J⇡ = 3+2 state in the model. The model
suggests that the J⇡ = 2+ and 1+ states should be di-
rectly populated. However, the expected isomeric nature
of the 2+ [26] and the known low energy of the 1+ state
(145 keV) is below the observable limit for �-ray mea-
surement. The 6+2 state is also predicted to be populated,
and in 52Mn this decays by a 1956-keV transition. The
high energy and weak population again prevents clear ob-
servation, even though there are a few weak transitions

observed around this energy.
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FIG. 4. (colour online) (a) A comparison between the ex-
perimental MED and the shell-model calculations. The three
lines correspond to three di↵erent methods for determining
the INC term VB . The dashed line uses a single +100 keV
INC matrix element for J = 2 (see e.g. [4]. The solid line
uses four INC matrix elements extracted from a fit across the
f 7

2
-shell) to calculate the VB term - see text. The dotted

line also uses four fitted matrix elements, but where the cur-
rent data for 52Co were excluded from the fit. (b) The four
isospin-breaking components of the shell-model calculations
(as described within the text), the sum of which yields the
solid line in (a).

To summarise this analysis, even though the isomeric
ratio has been favourably adjusted, there is an excellent
agreement between Figs. 3(a) and (b), with a clear cor-
respondence between experiment and theory on a state-
by-state basis. This represents the first measurement and
analysis of knockout solely from a high-spin isomer. In
terms of comparison of the relative cross-sections among
the high-spin states, the agreement is excellent.
The mirror energy di↵erences (MED) for the A =

52, T = 1 mirror pair, are shown in Fig. 4(a). The
large rise in the MED from the ground state up to the
J⇡ = 11+ state is easily explained in an f7/2 picture,
in terms of the Coulomb e↵ect of the angular momentum
alignment of the three valence proton holes in 52Mn, com-
pared with the alignment of neutron holes in 52Co. Anal-
ysis of these MED, in a large-scale shell-model calculation
using the ANTOINE code [36], was performed using the
full-pf valence space and the KB3G interaction [33]. The
approach of Ref. [4] has been adopted, which has been
shown to yield a reliable description of MED in the f 7

2

region in terms of isospin-breaking phenomena. The con-
tribution of four isospin-breaking e↵ects to the MED are
calculated. Three of the four terms account for (a) the
Coulomb two-body interaction (V

CM

); (b) the Coulomb
e↵ect of changes in radius with spin (V

Cr

) and (c) single-
particle e↵ects of Coulomb and magnetic origin V

ll

+ V
ls

- see Ref. [4] for details. The final term (V
B

) represents
an additional isospin-non-conserving component in addi-
tion to the usual two-body Coulomb term. In previous

52Co - knockout from 53Co 7/2- g.s. and 19/2- isomer...

Spectroscopic factors from 
fp-shell model 
!

Odd-odd T=1 mirror nuclei – 52Co and 52Mn

Theoretical cross sections from 
E.C.Simpson (ANU)

• Isomeric ratio: ~27% 
(from theory vs expt 
branching)
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FIG. 3. (colour online). (a) Calculated relative cross sections
for states in 52Co populated via one-neutron knockout from
either the 53Co ground state (J⇡ = 7/2�) [green], the high-
spin isomeric state (J⇡ = 19/2�) [blue] or both [red]. A
fractional population of the isomer of 27% has been assumed
(see text). (b) The experimentally measured relative cross
sections for states in 52Co.

ulated states are shown in the plot. Although all states
with J⇡ between 0+ and 11+ are predicted to be directly
populated, the vast majority (⇠ 98%) of the cross section
is predicted to be distributed among the 12 states shown
in Fig. 3(a). All the remaining (not plotted) states have
predicted individual population intensities of < 0.25%.
The cross sections are shown separately for states which
can be accessed from (i) the ground state only, (ii) the
isomer only and (iii) both the ground state and isomer.
In making this plot, it is necessary to know the fraction
of the beam that is in the isomeric state, of which we
have no experimental measure. Therefore, the isomeric
fraction was allowed to vary until the relative population
of the two groups of states (i) and (ii) above is similar
to that observed in the experiment. This yields a frac-
tion of approximately 27% of the beam particles being in
the isomeric state. This has been used in Fig. 3(a). The
decay is predicted to proceed principally to the lowest
energy state for each spin. The exception is J⇡ = 3+,
where the model has two 3+ states close in energy. The
3+1 state wave function is found to contain at least one
proton excitation out of the f 7

2
shell, and hence has little

overlap with the parent state in 53Co, with the majority
of this overlap present in the 3+2 state instead.

The experimentally measured relative cross sections,
for all observed states, are shown in Fig. 3(b). Even
though we are unable to establish the spin and parity
of the state from which the 459-keV transition decays,
it seems very likely from this comparison that it corre-
sponds to the J⇡ = 3+2 state in the model. The model
suggests that the J⇡ = 2+ and 1+ states should be di-
rectly populated. However, the expected isomeric nature
of the 2+ [26] and the known low energy of the 1+ state
(145 keV) is below the observable limit for �-ray mea-
surement. The 6+2 state is also predicted to be populated,
and in 52Mn this decays by a 1956-keV transition. The
high energy and weak population again prevents clear ob-
servation, even though there are a few weak transitions

observed around this energy.
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FIG. 4. (colour online) (a) A comparison between the ex-
perimental MED and the shell-model calculations. The three
lines correspond to three di↵erent methods for determining
the INC term VB . The dashed line uses a single +100 keV
INC matrix element for J = 2 (see e.g. [4]. The solid line
uses four INC matrix elements extracted from a fit across the
f 7

2
-shell) to calculate the VB term - see text. The dotted

line also uses four fitted matrix elements, but where the cur-
rent data for 52Co were excluded from the fit. (b) The four
isospin-breaking components of the shell-model calculations
(as described within the text), the sum of which yields the
solid line in (a).

To summarise this analysis, even though the isomeric
ratio has been favourably adjusted, there is an excellent
agreement between Figs. 3(a) and (b), with a clear cor-
respondence between experiment and theory on a state-
by-state basis. This represents the first measurement and
analysis of knockout solely from a high-spin isomer. In
terms of comparison of the relative cross-sections among
the high-spin states, the agreement is excellent.
The mirror energy di↵erences (MED) for the A =

52, T = 1 mirror pair, are shown in Fig. 4(a). The
large rise in the MED from the ground state up to the
J⇡ = 11+ state is easily explained in an f7/2 picture,
in terms of the Coulomb e↵ect of the angular momentum
alignment of the three valence proton holes in 52Mn, com-
pared with the alignment of neutron holes in 52Co. Anal-
ysis of these MED, in a large-scale shell-model calculation
using the ANTOINE code [36], was performed using the
full-pf valence space and the KB3G interaction [33]. The
approach of Ref. [4] has been adopted, which has been
shown to yield a reliable description of MED in the f 7
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region in terms of isospin-breaking phenomena. The con-
tribution of four isospin-breaking e↵ects to the MED are
calculated. Three of the four terms account for (a) the
Coulomb two-body interaction (V

CM

); (b) the Coulomb
e↵ect of changes in radius with spin (V

Cr

) and (c) single-
particle e↵ects of Coulomb and magnetic origin V
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- see Ref. [4] for details. The final term (V
B

) represents
an additional isospin-non-conserving component in addi-
tion to the usual two-body Coulomb term. In previous
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!
• VB term for J=2 not good enough 
• New VB parameters excellent 
• Total VB effect small!

S.A.Milne et al, submitted PRL



The N⇠Z region

The N⇠Z region

I Isospin

I The astrophysical rp-process

I Shape coexistence

I np-pairing

I Proton radioactivity

I �-decay studies - Fermi & GT

J. Henderson � tagging of exotic N⇠Z nuclides July 1, 2014 3 / 51

Triplet energy differences for A=70
74Sr The Measurements

74Sr - Experimental details

I No spectroscopy had previously
been performed -
complementary lifetime
measurement at RIKEN was
made ⇠simultaneously

I Nuclide populated using the
40Ca(36Ar,2n)74Sr reaction at
105 MeV.

I JUROGAM II + GREAT (finely
segmented DSSD and
Phoswich) + RITU + UoYtube
used.

J. Henderson � tagging of exotic N⇠Z nuclides July 1, 2014 22 / 51

• T=1 isospin triplets with A=66 and 74: 
• New spectroscopy of proton-rich 70Kr

40Ca(32S,2n)70Kr @ 88MeV

Jurogam II

GREAT

RITU

Jurgoam II + 
RITU +  
GREAT + 
UoYTube

Technique of Recoil-Beta Tagging 
A.N. Steer et al, NIMA 565 (2006) 630



Tiny cross-sections: need to find (a) unique 
detection signature and (b) method of 
suppression of unwanted channels. 

Recoil-� tagging Solving the cross-section problem

The decay-tagging method

I Recoil-↵ tagging has been employed for decades.

I Well characterised energy & short range makes it ideal as a tag.

I Only suitable in higher mass (typically A>150).

Incoming beam
Unreacted beam

Implantation detector

Recoil separator
�-detection array

Recoils

J. Henderson � tagging of exotic N⇠Z nuclides July 1, 2014 14 / 51

Highly pixellated DSSSD 
+ Ge Planar

Signature = fast beta-decay and high-
energy betas from super allowed decays 
between analogue states,

GREAT

RITU
JUROGAM II

= Recoil-Beta Tagging 
A.N. Steer et al, NIMA 565 (2006) 630

Used already in: 
78Y: Nara Singh et al, PRC75(2007)061301 
66As: Ruotsalainen et al, PRC88(2013)024320 
and 
62Ga: David et al, PLB726(2013)665

UoY									Developing RBT Solving the cross-section problem

UoYtube

I Typical channels of interest are
pn or 2n.

I University of York tube is an
array of 96 CsI(Tl) detectors
arranged around target position
- allows you to count evaporated
charged particles.

I Original UoYtube was ⇠ 60%
e�cient for single-proton
detection.

I Primary contaminant channel is
3p - original UoYtube
suppresses this by 94%.

J. Henderson et al. JINST 8 (2013)

J. Henderson � tagging of exotic N⇠Z nuclides July 1, 2014 18 / 51

Channel of interest = 2n, pn 
Primary contaminants = 3p,2p, …

UoYTube: 
• 100 CsI elements 
• 75% single proton 

efficiency 
• 98% 3p veto 

efficiency (for 2n 
analysis)

Triplet energy differences for A=70



tem for 235 hours and analysed using the GRAIN software
[24].

Surrounding the target, but located within the target
chamber, was the UoYTube (University of York tube).
This was used in order to veto recoil events that come
in coincidence with charged particles emitted from fusion
evaporation reactions at the target position. The UoY-
Tube consisted of 96 CsI(Tl) crystals in a hexagonal con-
figuration with two end caps [16]. Ni foils of thickness
10 µm thick on the hexagonal panels and 20 µm thick on
the forward end cap, respectively, were used to stop the
scattered beam and carbon/ oxygen contaminant recoils
from the target/ charge reset foil from entering the CsI
detectors.

3. Data analysis and results

The known fast �-decay lifetime of 70Kr [25], its large
negative Q-value (>10 MeV) and its Fermi-superallowed
nature enables the recoil-� tagging method to be used in
this analysis. The reaction channel of interest involves the
emission of just 2 neutrons, whilst other reaction prod-
ucts involve the emission of at least one charged particle.
A tried and tested approach was taken to identify tran-
sitions of interest. A timing condition for the correlation
time between recoil implantation and the � (positron) sig-
nal of less than 100 ms and a high � threshold of greater
than 2 MeV in the planar Ge detector were used to sup-
press higher cross section reaction channels, which have
longer � half-lives and lower end-point energies. As ex-
pected, transitions from 69As (3p channel) and 70Se (2p)
were strong and hence still appeared in the tagged spec-
trum. To help suppress these, and other charged parti-
cle evaporation channels, a requirement was placed on the
UoYTube veto detector that no charged particles were in
coincidence with the detected recoils. In the present ex-
periment this detector had an efficiency of 73 % for the
detection of one proton and a 3p channel veto efficiency of
⇠99%.

When creating the final spectra a lower software thresh-
old of 90 keV was applied to the DSSSD energy signals.
Inspection of the DSSSD - planar coincidence timing re-
vealed the presence of three distinct time distributions.
Whilst all components of these distributions contribute to
the �-decay events, one of them was found to be dominated
by events from nuclei such as 69As (3p evaporation chan-
nel), that have lower Q� values. The other components of
the time spectrum were found to have strong correlations
with the full energy signal of medium/ higher energy �-
decays. Furthermore, DSSSD - planar coincidence timing
events that are associated with known �-rays in 70Br and
the �-rays that were initially identified as belonging to the
zero charged particle emission channel, 70Kr, were found
to show similar distributions, as expected for nuclei that
have almost the same high Q� values. (The highest en-
ergy positrons from the 70Br decays lead into the largest
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Figure 1: (Colour online) �-ray spectra obtained with JUROGAM
II for different tagging conditions. (a) requires that a decay event
occurs within 100 ms of the correlated recoil ion implant, that it
has a high-energy positron ( 2 MeV) recorded in the GREAT planar
detector and that no coincident charged particles were recorded in
UoYTube; (b) has the same gating conditions but excludes the outer
most strips of the DSSSD and the section of the detector where the
scattered beam implantation rate was highest. A time restriction was
also placed on the DSSSD-planar coincidence times to help reduce
the 70Br events - see text for details; (c) same as (b) but with one
charged particle explicitly demanded in UoYTube.

DSSSD-planar time differences.) The above findings al-
lowed a DSSSD-planar time window to be applied in order
to select events associated with medium energy �-decays.
This had the effect of providing a further small reduction
of 70Br � ray contamination and was used to produce Fig.
1b.

Figure 1(a) shows �-ray events that correlate with a
high-energy positron (>2 MeV) in the DSSSD - planar
telescope within 100 ms of the correlated recoil implanta-
tion, and in addition, that there were no charged particles
detected in the UoYTube. (Note, 70Br events dominate
this spectrum due to the fact that the UoYTube can only
detect one proton events with an efficiency of 73%.) The
spectrum shown in Fig. 1(b) has the same conditions as
in (a), but in addition it also has a time restriction placed
on the DSSSD - planar times (as discussed above) and ex-
cludes the main section of the DSSSD with the highest
implantation rate resulting from residual scattered beam
as well as the outer most x/ y edge strips, which tended
to have higher noise levels. The latter two features both
lead to higher levels of random correlations. The final
spectrum shown in Fig. 1(c) has exactly the same con-
ditions as those applied to (b), except that in this case

3

70Br: De Angelis et al, EPJ A12 (2001) 51

Recoil-Beta 
tagged+ 
UoYTube c.p. 
veto

one c.p. in 
UoYTube

Identification of 2+ and 4+ states in 70Kr: 
u u

uu
+ 
additional 
DSSSD 
cuts

there was one charged particle explicitly demanded in the
UoYTube. Comparing Figs. 1(a) and 1(b) it is clear that
adding restrictions on the DSSSD-planar coincidence times
and removing the parts of the DSSSD with the highest
implantation rate and noise reduces both the background
and the number of events associated with the pn (70Br)
fusion evaporation channel. New transitions of 870(1) keV
and very tentatively 997(1), keV can be identified in Fig
1(b). The latter transition has 4 counts and the average
background count in the spectrum in the vicinity of this
tentative peak is 0.25 counts/ channel. The significance of
these events is within the 95% confidence limit, which cor-
respond to statistically significant results in the 2� limit
[26]. The above �-rays are absent in Fig. 1(c), which
requires one charged particle to be registered in the UoY-
Tube, which in turn suggests that they do not originate
from a charged-particle evaporation channel.

From the data it is possible to determine a half-life using
the 870 and 997 keV � rays, which are associated with
zero charged particle events, as a tag on the nucleus of
interest. The Schmidt method [27] was used to extract
the mean-lifetime for these data and the method described
in [28] was used to determine the associated asymmetric
errors. These results were then converted into half-lives
with appropriate errors. The result of this analysis for the
sum of the events recorded in the two � rays can be seen
in Fig. 2. In this case a half-life of 33+15

�8 ms is found.
This compares well with the most recent value reported in
the literature for 70Kr of 40±6 ms [25]. In order to cross-
check the method, a half-life of 81+5

�6 ms was obtained for
events associated with the known 321, 403 and 934 keV
transitions in 70Br. This result is in good agreement with
the currently accepted value of 79.1(8) ms [29]. Given
that the newly identified transitions are associated with
the zero charged particle emission channel and that they
have a half-life that is consistent with the most recently
reported value for the 70Kr ground-state decay we assign
them to this nucleus.

4. Discussion

Based on the observed �-ray intensities we tentatively
assign the 870 keV � ray to the 2+ ! 0+ decay in 70Kr. (A
parallel investigation at RIKEN using knockout-out and
inelastic excitation reactions to populate excited states
in this nucleus, supports (within errors) the positioning
of the 2+ state [30]. The observed intensity of the 997
keV transition tentatively suggests that this may be the
4+ ! 2+ decay. Assuming the above assignments, it is
possible to evaluate the experimental TED values for the
A=70 triplet. The results are shown in Fig. 3(b). As
discussed in [1], the reason that TED are always found to
be negative results from the fact that they are dependent
on the isotensor component of the two body interaction
(Vpp + Vnn � 2Vnp). The decrease in values with spin re-
sults from (a) the fact that the number of T=1 np pairs, for
a given analog state, is larger in the odd-odd nucleus than
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Figure 2: (Colour online) Natural log(�t) of decay data gated on
the 870 and 997 keV transitions assigned to 70Kr, where �t is the
time difference in ms between the recoils associated with the two
�-rays and their subsequent �-decays. Other conditions, described
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the mean lifetime (48+22

�11 ms), which can then be converted to a
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Figure 3: (Colour online) Triplet energy differences as a function of
spin, J, for the A = 66, 70, 74 and 78 triplets. Black squares show
the experimental values for the A = 66 and 74 systems, blue squares
show the new experimental values for the A = 70 triplet, whilst the
solid (open) red circles show the results from shell model calculations
with (without) the INC term.
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• pf5/2g9/2 model space 
• JUN45 interaction 
• same methodology as f7/2 shell 
!
• Includes isotensor INC of 

+100keV (J=0) 
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PRC85(2012)034320

there was one charged particle explicitly demanded in the
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and removing the parts of the DSSSD with the highest
implantation rate and noise reduces both the background
and the number of events associated with the pn (70Br)
fusion evaporation channel. New transitions of 870(1) keV
and very tentatively 997(1), keV can be identified in Fig
1(b). The latter transition has 4 counts and the average
background count in the spectrum in the vicinity of this
tentative peak is 0.25 counts/ channel. The significance of
these events is within the 95% confidence limit, which cor-
respond to statistically significant results in the 2� limit
[26]. The above �-rays are absent in Fig. 1(c), which
requires one charged particle to be registered in the UoY-
Tube, which in turn suggests that they do not originate
from a charged-particle evaporation channel.
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the 870 and 997 keV � rays, which are associated with
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errors. These results were then converted into half-lives
with appropriate errors. The result of this analysis for the
sum of the events recorded in the two � rays can be seen
in Fig. 2. In this case a half-life of 33+15

�8 ms is found.
This compares well with the most recent value reported in
the literature for 70Kr of 40±6 ms [25]. In order to cross-
check the method, a half-life of 81+5

�6 ms was obtained for
events associated with the known 321, 403 and 934 keV
transitions in 70Br. This result is in good agreement with
the currently accepted value of 79.1(8) ms [29]. Given
that the newly identified transitions are associated with
the zero charged particle emission channel and that they
have a half-life that is consistent with the most recently
reported value for the 70Kr ground-state decay we assign
them to this nucleus.

4. Discussion

Based on the observed �-ray intensities we tentatively
assign the 870 keV � ray to the 2+ ! 0+ decay in 70Kr. (A
parallel investigation at RIKEN using knockout-out and
inelastic excitation reactions to populate excited states
in this nucleus, supports (within errors) the positioning
of the 2+ state [30]. The observed intensity of the 997
keV transition tentatively suggests that this may be the
4+ ! 2+ decay. Assuming the above assignments, it is
possible to evaluate the experimental TED values for the
A=70 triplet. The results are shown in Fig. 3(b). As
discussed in [1], the reason that TED are always found to
be negative results from the fact that they are dependent
on the isotensor component of the two body interaction
(Vpp + Vnn � 2Vnp). The decrease in values with spin re-
sults from (a) the fact that the number of T=1 np pairs, for
a given analog state, is larger in the odd-odd nucleus than
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time difference in ms between the recoils associated with the two
�-rays and their subsequent �-decays. Other conditions, described
in the captions to Figs. 1(a) and 1(b) were also employed when
selecting these events. The solid red line represents the Schmidt (log
likelihood) method [27] fit to the data. The centroid of the fit yields
the mean lifetime (48+22
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Figure 3: (Colour online) Triplet energy differences as a function of
spin, J, for the A = 66, 70, 74 and 78 triplets. Black squares show
the experimental values for the A = 66 and 74 systems, blue squares
show the new experimental values for the A = 70 triplet, whilst the
solid (open) red circles show the results from shell model calculations
with (without) the INC term.
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FIG. 5. Comparison of the complex excited VAMPIR results for
CED to the experimental data [5–11].

The trend manifested in the data is reproduced by the EXVAM
results for the A = 74 pair of nuclei as well as the anomalous
behavior revealed for the 70Br-70Se case. The previous results
for A = 70 nuclei obtained with isospin mixing induced only
by Coulomb interaction (the G matrix obtained from the Bonn
A potential was used) reproduced also this anomaly [2]. It is
worthwhile to mention that in the present calculations I have
used the same monopole shifts as in [2], but different strengths
for the Gaussians in the T = 1 and T = 0 neutron-proton
channel. In both calculations the shape mixing is very strong,
changing drastically with increasing spin, but manifesting
different behavior in 70Se with respect to 70Br. Consequently,
one obtains an anomalous behavior of CED for A = 70, but a
normal one for the A = 74 analogs.

Figure 6 illustrates the complex excited VAMPIR pre-
dictions on mirror energy differences and triplet energy
differences for the A = 70 isovector triplet. MED manifest a
negative trend, while TED indicate small positive values up to
spin 4+ and a small negative value for the spin 6+. Of course,
the trend manifested in TED is influenced by the evolution
of shape mixing with increasing spin, which is significantly
different in 70Se with respect to 70Br and 70Kr.

Figure 7 illustrates the complex excited VAMPIR pre-
dictions on mirror energy differences and triplet energy
differences for the A = 74 isovector triplet. MED manifest
a positive trend, while TED indicate a negative trend, in
agreement with the recent experimental available results [15].

The intensively hunted but still unknown member of the
A = 70 triplet, the 70Kr nucleus, could bring support to
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FIG. 6. The complex excited VAMPIR results for MED and TED
in the A = 70 isovector triplet.
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FIG. 7. The complex excited VAMPIR results for MED and TED
in the A=74 isovector triplet compared to data [9–11,15].

the EXVAM theoretical predictions and interpretation of the
particular behavior revealed by TED connected with the
anomaly identified in CED behavior. Within the complex
excited VAMPIR model using an effective interaction in-
cluding charge dependence in the strong force, the interplay
between the effects of the isospin-nonconserving interaction
and the variable strong shape mixing specific for each nucleus
belonging to the A = 70 triplet is responsible for the discussed
anomalous behavior.

Recently new experimental results on T = 1 states in
66As [25] confirmed the EXVAM predictions on CED values.
Furthermore, the published data on excited states identified in
66Se [26] give support to my complex excited VAMPIR results,
which reveal the experimental negative trend manifested in the
MED and TED evolution with spin in the A = 66 isovector
triplet [27].

The EXVAM prediction for the triplet displacement energy
indicates TDE(A = 70,T = 1) = 111 keV and TDE(A =
74,T = 1) = 107 keV. These values for TDE are smaller than
the results of the calculations presented in [18] using different
model spaces and effective interactions. Precise experimental
data on mass measurements are necessary for the refining of
the effective interaction.

This paper represents the first beyond-mean-field
treatment—based on an effective two-body interaction con-
structed from the nuclear matter G matrix starting from the
charge-dependent Bonn CD potential—able to describe self-
consistently the isospin-symmetry-breaking effects in a region
dominated by shape coexistence and mixing. Furthermore, I
used a model space adequate for the description of proton-rich
nuclei in the A ≈ 70 mass regions which is not yet numerically
feasible for the large-scale shell-model calculations. However,
the investigated observables CED, MED, TED, TDE are
rather small quantities created in this mass region by the
interplay of shape mixing and isospin-symmetry-breaking
forces. Consequently, it is difficult to disentangle between
the two effects at least based on the available data. To
further refine the renormalization of the two-body interaction
adequate for the involved model space in the A ≈ 70 mass
region and to improve the estimation of the isospin-mixing
effects on the structure of the analog states one needs
more data on electromagnetic properties. Precise experimental
spectroscopic quadrupole moments for the analog 2+ states in
each triplet could test the EXVAM predictions concerning the
shape mixing.

014302-5

EXCITED VAMPIR model 
A.Petrovici et al.  
Phys Rev C91 (2015) 014302

Triplet energy differences for A=70

Shape coexistence in A ~ 70            Breakdown of symmetry across triplet?             



Conclusions...

Summary: 
•    Knockout reactions very effective tool for probing proton-rich systems 
•    Recoil-beta tagging highly effective for studies on N=Z line 
•    Strong J-dependent INC interactions present in f7/2 shell (both isovector 
and isotensor) 
•     No evidence for breakdown in symmetry across A=70 triplet 
!
!
!
•   Isotensor INC  
(a) consistent across mass regions and  
(b) in line with NN scattering data (i.e. np stronger than pp and nn) 
!
!
•  Isovector INC  
(a) clear in f7/2 shell 
(b) has strong J-dependence 
(c) harder to find consistency elsewhere, but work underway….
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74Sr The Measurements

Analysis summary
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74Sr 2+�0+

471 keV

74Sr 4+�2+

572 keV

I (a) Requires a &5-MeV �
particle within 100 ms of
implantation with no charged
particles detected in the
UoYtube.

I (b) Additionally excludes
high-counting regions of the
DSSD.

I (c) As (b) but with a
requirement that one or more
charged particles are detected in
the UoYtube.

J. Henderson et al. Submitted to PRL
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74Sr Discussion

A=74 level scheme
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Triplet energy differences in A=74
!
J. Henderson et al., Phys. Rev. C 90, 051303(R) (2014) 

+ low-
rate 
DSSD 
pixels

u u

one or 
more 
charged 
particle

Recoil-beta 
tagged 
+ UoYTube veto

• Half-life 74Sr g.s. measured at 
30(3)ms (RIKEN recent result)* 

• Half-life for beta decays 
associated with 471keV = 27(8)ms

*RIKEN: L.Sinclair et al, to be published. 



Mirror energy differences in A=70
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Figure 4: (Colour online) Mirror energy differences as a function
of spin, J, for the A = 66, 70 and 74 mirror pairs. Black squares
show the experimental values for the A = 66 and 74 systems, blue
squares show the new experimental values for the A = 70 mirror pair,
whilst the solid (open) red circles show the results from shell model
calculations with (without) the INC interaction included.

model calculations [13] for triplet energy differences with
and without the J = 0 isospin non-conserving (INC) inter-
action included. As in the case of the A = 66 system the
level of agreement for the calculations with the INC isoten-
sor interaction of strength 100 keV included is very good.
The new results for 70Kr also suggest that earlier predic-
tions [14] of different shapes for the low-lying T = 1 states
across the isospin triplet appears not to be valid. It is clear
that there is an urgent need for knowledge of higher-spin
T = 1 states in the even-even A � 70 nuclei. Further-
more, the apparent success of the shell model calculations
at low-spin needs testing further through the measurement
of electromagnetic transitions strengths. However, in or-
der to replicate these it is expected that it may be nec-
essary to move to an fpg 9

2
d 5

2
model space, which is an

on-going challenge for the shell model [36]. The experi-
mental results for the MED in this mass region clearly in-
dicate that an isovector INC interaction is needed within
the shell model calculations, however, further experimen-
tal and theoretical work are required to understand the
interaction strength required.
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Triplet energy differences in A=66&74

66As: De Angelis et al, PRC85(2012)034320 
66As: Ruotsalainen et al, PRC88(2013)024320 !
66Se: Ruotsalainen et al, PRC88(2013) 041308 
66Se: Obertelli et al. PLB701(2011)417

RAPID COMMUNICATIONS

K. KANEKO, Y. SUN, T. MIZUSAKI, AND S. TAZAKI PHYSICAL REVIEW C 89, 031302(R) (2014)

and 66Ge [22], gives the experimental A = 66 MED and TED
up to J = 6. This is by now the heaviest triplet nuclei having
the TED data. It was shown [20] that the Coulomb interaction
alone cannot account for the observed A = 66 TED.

The purpose of the present Rapid Communication is to in-
vestigate MED and TED for the even-even nuclei with A = 66
to 78 to extract information on the isospin-symmetry breaking
through detailed analysis of the shell-model results. We show
that, in addition to the electromagnetic spin-orbit interactions,
it is necessary to involve the INC interaction to explain the new
A = 66 MED and TED data. We discuss the type and strength
of the INC force that is phenomenologically added into the
usual effective interaction. We further show that the realistic
nuclear interactions that contain the isospin-breaking terms do
not provide similar strengths for the isotensor component that
are needed to reproduce the A = 66 MED and TED data.

The MED in mirror-pair nuclei, defined by

MED(J ) = Ex(J,T = 1,Tz = −1) − Ex(J,T = 1,Tz = 1),

(1)

are regarded as a measure of the charge-symmetry breaking
in effective nuclear interactions, which include the Coulomb
force. In Eq. (1), Ex(J,T ,Tz) are the excitation energies of IAS
with spin J and isospin T , distinguished by different Tz. For
T = 1, the experimental MED for A = 22 to 66 are shown in
Fig. 1(a). It is worth noting the behavior of the J π = 2+, 4+,
and 6+ states in A = 42 and 54. For each of these spin states,
the two nuclei indicate nearly the same magnitude in MED but
opposite signs. This is called the cross-conjugate symmetry in
MED for the two extremes in the f7/2 shell [8].

The TEDs of T = 1 states in triplet nuclei are defined by

TED(J ) = Ex(J,T = 1,Tz = −1) + Ex(J,T = 1,Tz = 1)

− 2Ex(J,T = 1,Tz = 0), (2)

which measures the charge-independence breaking. The ex-
perimental TED for A = 22 to 66 are shown in Fig. 1(b). The
characteristic feature is that all TEDs have negative values and
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FIG. 1. (Color online) Experimentally known MED and TED for
masses of A = 22 to 66. Data are taken from Refs. [17–29].
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FIG. 2. (Color online) Comparison of calculated MED and TED
for A = 66 with experimental data taken from Refs. [19–22].

exhibit similar spin dependence. For example, the behavior of
the A = 46 TED is almost identical to that of A = 50 for the
entire spin range.

We perform large-scale shell-model calculations in the
pf5/2g9/2 valence space. In the numerical calculations, the
recently proposed Sakurai-Sugiura method [30] is employed,
which goes beyond the usual Lanczos method and makes
diagonalizations for the current problem possible. We employ
the modern JUN45 interaction [31] and add the multipole
term VCM and monopole term εll in the Coulomb interaction.
In addition, the single-particle energy shift εls due to the
electromagnetic spin-orbit interaction [32] is also included.

We first carry out a calculation with the same parameters
taken from our previous works [15,16], without considering
the INC interaction in the pf5/2g9/2 shell. In Fig. 2, the
calculated MED and TED, indicated by open circles, are
shown as functions of spin J for A = 66. It is found that
the magnitudes of the obtained MED and TED are much
smaller than the experimental data although they indicate
correct spin-dependent trends. Thus the calculation shows that
the multipole, monopole, and spin-orbit forces are not enough
to explain the data, and the INC force could be important for
reproducing the observed MED and TED.

We now add the INC interaction with the J = 0 pairing
terms Vpp = βppV J=0

pp , Vnn = βnnV
J=0
nn , and Vpn = βpnV

J=0
pn

for all the orbits in our model space, with V J=0
pp , V J=0

nn ,
and V J=0

pn being, respectively, the pp, nn, and pn pairing
interactions for the matrix elements having a unit value
(see Ref. [33]). The strengths βJ=0

(2) = βpp + βnn − 2βpn =
100 keV for the isotensor and βJ=0

(1) = βpp − βnn = 300 keV
for the isovector are chosen so as to reproduce the experimental
CED, MED, and TED data for A = 66 [20]. The isotensor
strength of 100 keV for J = 0 is the same as that of the
empirical TED of the A = 42 triplet [10,20] in the f7/2 shell.

Large differences have been found between the results with
and without the INC interaction. As one can see from Fig. 2(a),
the calculated MED with inclusion of INC can well reproduce
the experimental data [21] for J = 2 and J = 4, while for
J = 6 the agreement is improved as compared to the
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this manner, in good correspondence with the value mea-
sured in the RIKEN experiment [17]. As a cross-check, a
half-life of 73(9) ms was extracted for events containing
the 478 keV transition corresponding to the decay of the
first 2+ state in 74Rb, in conformity with the accepted
value for the half-life for 74Rb of 64.761(31) ms [19]. On
the basis that the transitions identified reside in the zero
charged-particle emission channel, and have an associ-
ated half-life consistent with that expected for 74Sr, it is
possible to assign them to 74Sr. It is clear that they are
also not dissimilar in energy to the analogous transitions
in the isobars, 74Rb and 74Kr.

The newly-obtained data on excited states in 74Sr may
be combined with existing data on 74Kr and 74Rb to eval-
uate TED for the first time for A = 74 (see Fig. 2). As
with all previously obtained data for di↵erent isobaric
triplets, the TED follows a downward slope as a function
of spin. In order to understand the implications of the
new TED data for A = 74, large-scale shell-model cal-
culations have been performed in the pf5/2g9/2 valence
space. The recently-proposed SS method [20, 21] was
employed, which goes beyond the usual Lanczos method
using the modern JUN45 interaction [22]. Coulomb mul-
tipole, monopole, and spin-orbit interactions with the
same parameters as in earlier work [23, 24] were included
- further details can be found in Ref. [24]. It has been
shown [4] that the multipole, monopole, and spin-orbit
forces are not su�cient to explain the experimental TED
for A = 66 and that the INC force is important for re-
producing the observed experimental data [2]. The INC
force used in the present calculation comprises an isoten-
sor strength of 100 keV for J = 0 couplings for all the
orbitals included in the model space, which is consistent
with that required to reproduce the empirical TED of the
A = 42 triplet in the f7/2 shell [25]. As one can see from
Fig. 2, the calculated TED reproduce remarkably well
the present experimental data for J = 2. However, the
calculation fails to reproduce the TED for J = 4. The
plot for J = 4 is rather close to that without the INC;
possible reasons for a weaker agreement in this case will
be considered below. Nevertheless, the key feature of the
present calculations is that they account very well for the
observed TED at J = 2, in common with all other stud-
ied cases such as A = 66 and the f7/2 shell. This strongly
suggests that the inclusion of the INC force is mandated
in all cases, and appears to have a magnitude irrespective
of the details of nuclear structure, such as which orbitals
are active. This is an important insight into the nature
of the INC force.

A relevant question is whether the above conclusions
are a↵ected by proximity to the proton dripline through
e.g. the Thomas-Ehrman e↵ect [26, 27] or for weakly-
bound states, coupling to the continuum which produces
asymmetry in the wave functions in e.g. the proton-rich
member of an isobaric triplet [28]. The systematics sug-
gest that all the excited states observed in this work are
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FIG. 2: (Color online) Comparison of TED for A = 74 with
the results of shell model calculations using the JUN45 inter-
action (see text).

one- and two-proton bound; the latest mass compila-
tions [29] provide S2p = 1.47(10) MeV where the error
is dominated by the theoretical uncertainty in the 74Sr
mass. However, recent theoretical calculations performed
using state of the art shell-model interactions and includ-
ing isospin non-conserving components [30] suggest that
the Tz = �1 nuclide 74Sr may lie on the verge of be-
ing two-proton unbound, predicting S2p=1.26 MeV using
the GXPF1A interaction and S2p=0.41 MeV using the
JUN45 interaction. The latter value would make both
the excited states observed in 74Sr two-proton unbound.
Published deformed Skyrme (SLy4) Hartree-Fock +

BCS + QRPA calculations [31] usingQ(EC) = 11.2 MeV
predict a half-life for 74Sr of t1/2 = 54 ms assuming an
oblate shape for the ground state of 74Sr. Clearly, the
precise half-life for 74Sr in the literature is around half
this value. Accordingly, the influence of the Q(EC) value
on these calculations has been explored (see Fig. 3). In
order to reproduce the t1/2 obtained in the present work,
again, assuming oblate shape for the ground state of 74Sr,
a Q-value of Q(EC) = 12.2 MeV is required (see Fig. 3).
This change in Q-value would imply S2p ⇡ 0.45 MeV,
in good agreement with the prediction using the JUN45
interaction, which would mean that the 4+ state in 74Sr
was two-proton unbound.
The possible role of Thomas-Ehrman shifts for two-

proton bound states has been discussed for light nuclei
by Grigorenko et al. [32], while Michel et al. present a
detailed discussion of the e↵ects of weak-binding in the
A = 6 isobaric triplet [28]. In a sense, these two phe-
nomena are intrinsically linked. Detailed calculations,
however, lie outside the scope of the present work but
knowing that these e↵ects are likely to be manifested in
the present case does suggest that our present shell model

Shell-model work by Kaneko 
et al.  
Phys Rev C89 (2014) 031302(R) 
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• JUN45 interaction 
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FIG. 1. (Color online) (a) The centroid-subtracted V J
B coeffi-

cients in the f7/2 shell derived from the fits presented in this paper; see
text for details. Fits across three mass ranges are shown: A = 42–54
(red circles), A = 47–54 (blue triangles), and A = 51–54 (green
squares). (b) The results of the fit across the whole shell, A = 42–54
[red circles, same data as (a)], compared with (blue dot-dashed line)
the results of Ref. [11] based on a CDE analysis.

the mass range, the value of V 0
B is consistently negative and

largely consistent with the whole-shell value of −79(6) keV,
with no obvious trend with A(Z). The large error for T = 1,
A = 48 arises from the fact that, as was shown in Ref. [17],
cross-conjugate symmetry within the f7/2 shell means that
multipole effects of any origin make very little contribution to
the MED for a mirror pair with A = 48. The fitted V 0

B values
are also insensitive to the value of the isospin of the analog
states, as shown in Fig. 2(b). Monopole contributions to the
MED are expected to scale directly with !TZ (and hence T )
and so this analysis points firmly toward the effect identified
as being associated with the two-body interaction.

The effect of the inclusion of the V J
B terms is shown in Fig. 3

which shows MED data for four example mirror pairs with a
range of masses and isospin. The dashed lines show the MED
results using only the first term in Eq. (1), i.e., with no V J

B

terms. The solid line shows the effect of including the best-fit,
centroid-subtracted values of V 0,2,4,6

B . The need for inclusion
of the isovector V J

B terms in the interaction is compelling.

IV. DISCUSSION

The data in Table II show that a positive isovector VB term
of around 70 keV, for J = 2 couplings in the f7/2 shell yields
an improved agreement with the experimental data. This effect,
previously known as the J = 2 anomaly, was well established
in a number of recent papers, e.g., [14,19,21]. However,
Table II also shows clearly that a negative VB term of around
80 keV, for J = 0 couplings, has essentially the same effect.
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FIG. 2. (Color online) The extracted value of V 0
B from a single-

parameter fit for (a) each mirror pair individually, with different
symbols and colors corresponding to the isospin (T) of the analog
states, and (b) for sets of mirror pairs grouped according to the isospin
T = |Tz| = !Z/2. The best-fit value of V 0

B = −79(6) keV, from a
single-parameter fit across the whole shell, is indicated in (a) and (b),
and σth = 23 keV was assumed. In (a), the data point of −440(210)
for T = 1, A = 44, for which there are only two data points, is not
included in the plot for clarity.

This is in contrast to the conclusions drawn from analysis of the
54Ni/54Fe (T = 1) and 52Ni/52Cr (T = 2) mirror pairs [19,21]
in which some states near the band termination seemed to favor
the J = 2 solution over the J = 0 one. However, the more
complete fit here, which includes all 93 published analog states
in the shell, indicates that there is little difference between
them, when the whole shell is considered. This confirms the
key result, i.e., that the VB value for the J = 2 coupling is
significantly more positive than the J = 0 value. When all four
VB terms are included in the fit, a rise of about 100 keV from
J = 0 to J = 2 is observed, with an additional J dependence
identified for the J = 4 and J = 6 coupling.

As stated earlier, information on the two-body isovector
interaction can be extracted from nuclear masses through
shell-model predictions of the Coulomb displacement energies
(CDE)—differences in total binding energy between isobaric
analog states in neighboring nuclei. This was done in the
f7/2 shell in 1979 by Brown and Sherr [11] using only a
single-j shell-model calculation in which all the isovector
and isotensor interactions were allowed to vary. The extracted
isovector (Vpp − Vnn) interactions, having had the Coulomb
part (V J

C ) subtracted, were −31 keV, 46 keV, 13 keV, −34
keV for the J = 0,2,4, and 6 couplings, respectively. These
numerical values are equivalent to the V J

B terms extracted here.
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FIG. 3. (Color online) The experimental and predicted mirror energy differences for four mirror pairs in the f7/2 shell of various masses
and isospins as a function of total angular momentum I . The dashed line shows the result of the first term of Eq. (1) and the solid line shows
the full calculation including the best-fit V J

B parameters shown in bold in Table II.

The values from Brown and Sherr [11], now with the centroid
subtracted, are plotted using the dot-dashed line in Fig. 1(b),
and are compared with the results of the current work. In
comparing these two sets of results, it is important to note
that Brown and Sherr fitted absolute binding energies and our
work fits MED data (which only involve excitation energy).
Thus the two approaches are complementary and, moreover,
there is almost no overlap of the data sets used. Of course,
the shell-model interaction and valence space are now much
more developed. Nevertheless, the agreement between these
two independent approaches, especially the detail of the J
dependence, is remarkable, and the same effect is obviously at
play.

The magnitude of the variation of the V J
B terms is

significant. For example, for f7/2 particles re-coupling from
J = 0 and J = 2, the change in VB is larger than (and
the opposite sign to) the change in the two-body Coulomb
interaction. The key point therefore is that the total isovector
interaction (Vpp − Vnn = V J

C + V J
B ) has a J dependence that

is not consistent with a two-body Coulomb interaction alone.
In the recent shell-model study of Kaneko et al. [25],

isospin-non-conserving nuclear interactions were considered
in detailed systematics of CDE across a range of nuclei.
Only J = 0 isospin-non-conserving terms were considered
in that work, and it was found that for the f7/2 shell an
isovector term of −100 keV (i.e., protons more attractive than
neutrons) was required to explain some of the systematics.
In effect, including an isovector term of −100 keV only for
J = 0, and not for J = 2,4,6, introduces some J dependence
of the same magnitude as extracted here. The analysis of
Ref. [25] does not specifically consider the J dependence

but is presumably more sensitive to the absolute values of
the isovector terms. Nevertheless, there are therefore strong
indications that these two independent approaches, using
different experimental information, are highlighting some
aspects of the same phenomenon.

An isovector, isospin-non-conserving interaction can be
either Coulomb or nuclear in origin, and any J -dependent
effects associated with charge-symmetry breaking of the
nuclear interaction might be expected to appear in the extracted
V J

B term. In nucleon-nucleon scattering analysis [2] the 1S0
scattering lengths are −17.3 ± 0.4 fm for pp and −18.8 ±
0.3 fm for nn, having corrected for the electromagnetic effects,
thus indicating that the nn interaction is slightly stronger in
the 1S0 channel. Henley [40] estimated that for potentials
of the Yukawa type, the fractional difference in scattering
length corresponds to ∼14 times the fractional difference in
effective nucleon-nucleon potential. Thus, we find that Vnn is
approximately 0.6 ± 0.2% stronger than Vpp. Even though this
is only an estimate, we can consider how this might translate
into a shell-model effective interaction for f7/2 particles. If we
were to restrict this CSB contribution to the J = 0 channel,
then for the KB3G interaction, this corresponds to an isovector
term of V 0

B ∼ +11 keV (and zero for the J = 2,4,6 matrix
elements). This introduces only a weak J dependence and,
crucially, of opposite sign to our observation. If the CSB
effect were introduced proportionally into the other matrix
elements, as was done in previous work (e.g., [6,12]), the net
effect would be even smaller. It is therefore clear that the
J dependence we observe here is not consistent, neither in
sign nor magnitude, with the known CSB observations from
free-nucleon scattering.
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TABLE II. The isospin-breaking matrix elements, V J
B , for f7/2

pairs, extracted from the fits for various mass ranges (see text). The
final columns indicate the final rms deviation between the data and the
model (using the fitted parameters) compared with the calculations
assuming V J

B = 0.

rms
Range f7/2 matrix elements V J

B (keV) deviation

V 0
B V 2

B V 4
B V 6

B fit No VB

One-parameter fit
A = 42–54 – 68(6) – – 32 41
A = 42–54 −79(6) – – – 26 41
A = 47–54 – 71(5) – – 27 38
A = 47–54 −83(5) – – – 22 38
A = 51–54 – 61(3) – – 28 40
A = 51–54 −71(3) – – – 23 40

Full fit
A = 42–54 −79(16) 25(13) 1(12) −19(12) 23 41
A = 47–54 −56(15) 46(11) 9(10) 2(11) 16 38
A = 51–54 13(16) 82(10) 64(11) 39(11) 9 40

Full fits: centroid-subtracted
A = 42–54 −72(7) 32(6) 8(6) −12(4) 23 41
A = 47–54 −66(7) 36(5) −1(5) −8(4) 17 38
A = 51–54 −41(6) 28(3) 10(4) −15(2) 18 40

these ranges were chosen to examine how sensitive the results
are to the different regions of the shell.

Initially, fits were performed allowing only one of the four
possible V J

B terms to vary, keeping the other terms fixed at
zero. The results are listed in the one-parameter fit section of
Table II, and the results listed are those for fits where only the
term at J = 2 or J = 0 (i.e., V 2

B and V 0
B ) was allowed to vary.

It is immediately clear that either a large positive J = 2 term,
or a large negative J = 0 term emerge from these results. This
is consistent across all the three regions. The r.m.s. deviation
from the data for the fits with, and without, the inclusion of
the VB terms are shown in the final two columns of Table II.
The r.m.s. deviation improves with the inclusion of the terms.
It is noteworthy that there is not very much difference in the
fit quality following the addition of a positive J = 2 term, or
a negative J = 0 term, although the latter seems marginally
favored. The key point, however, seems to be that the best
fit is obtained when the J = 2 term has a significantly more
positive value than the J = 0 term, by 70–80 keV.

Next, fits were performed where all four terms were allowed
to vary freely. An immediate point to note from our analysis
is that the four terms appear to be strongly correlated. This
is a natural consequence of the fact that MED are largely
insensitive to the absolute values of the isovector multipole
terms and, at least for V J

B values of the order of ±100 keV, the
fit quality here depends on the J dependence of the V J

B values
included. The r.m.s. deviation improves in all ranges, when all
parameters are included.

The four-parameter fits again clearly indicate, in all ranges,
that a positive rise from V 0

B to V 2
B is required, now at around

100 keV. It is now also clear that a better fit is obtained, in all
ranges, when the values of V 4

B and V 6
B are also more positive

than V 0
B . The comparison of the r.m.s. deviation values also

indicates that the fit improves dramatically as more restricted
ranges of nuclei at the upper end of the shell are considered.
This may not be surprising as it is well known that in the
upper part of the f7/2 shell, the fp-shell space and KB3G
interaction combine to give an excellent description of nuclear
properties in terms of energies, transition rates, GT strengths,
and nuclear moments (see, e.g., [27,37,38])—and nuclei near
56Ni are especially well described [39]. In the lower part of the
shell, the missing particle-hole excitations from the sd shell
reduces the reliability of the model.

The difference between the absolute values of the three
sets of fits, shown in the central section of Table II, is
not meaningful, as discussed above. It is more convenient,
therefore, to plot these values relative to a centroid which, for
a two-body multipole interaction with matrix elements V J can
be written,

V cent =
!

J (2J + 1)V J

!
J (2J + 1)

. (3)

In the final section of Table II the centroid-subtracted values,
V J

B − V cent
B are listed. The errors on the centroid-subtracted

values have been calculated accounting fully for the correla-
tions between the parameters. The reduced error bars result
from the fact that, as expected, the correlation between the
centroid-subtracted parameters is much reduced. For example,
the V 0

B − V 2
B correlation coefficient for the full fit in the A =

42–54 range, changes from 0.86 to 0.21 once the centroid
is subtracted. We see immediately that all three fits have
a very similar J dependence, relative to a centroid. The
r.m.s. deviation for these centroid-subtracted values are largely
unchanged, except for the uppermost part of the shell, again
highlighting that there is little sensitivity in the MED to the
absolute values of the matrix elements. The values in bold in
Table II (the fits across the whole f7/2 shell, with the centroid
subtracted) are therefore taken as the definitive values from
this analysis, and used as the key result for the purpose of this
paper.

The results of the full four-parameter fits, with centroid
subtraction, are shown in Fig. 1(a). The results for the
three ranges are clearly consistent, and the J dependence
does not seem dependent on how much of the f7/2 shell is
included in the analysis. Having established these four best-fit
parameters for V J

B , the individual isospin-non-conserving con-
tribution, MEDth

B , can be determined using these parameters
for each of the 93 states. These values are listed in Table I,
along with the total resulting total theoretical MED, for all
states.

The fit results can also be examined as a function of isospin
and location in the shell, and so fits were performed both
for individual mirror pairs and for pairs of specific isospin
T . Because of small numbers of data points following this
restriction, it is not possible to perform a full fit, hence either
the V 2

B or V 0
B term can be used, as this accounts for the most

significant effect. Figure 2(a) shows the extracted V 0
B term for

each of the 17 mirror pairs individually in the shell. For each
of these, the fit is compared to the value [solid line] and error
[dashed line] for the fit of V 0

B across the whole shell. Across
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TABLE II. The isospin-breaking matrix elements, V J
B , for f7/2

pairs, extracted from the fits for various mass ranges (see text). The
final columns indicate the final rms deviation between the data and the
model (using the fitted parameters) compared with the calculations
assuming V J

B = 0.

rms
Range f7/2 matrix elements V J

B (keV) deviation

V 0
B V 2

B V 4
B V 6

B fit No VB

One-parameter fit
A = 42–54 – 68(6) – – 32 41
A = 42–54 −79(6) – – – 26 41
A = 47–54 – 71(5) – – 27 38
A = 47–54 −83(5) – – – 22 38
A = 51–54 – 61(3) – – 28 40
A = 51–54 −71(3) – – – 23 40

Full fit
A = 42–54 −79(16) 25(13) 1(12) −19(12) 23 41
A = 47–54 −56(15) 46(11) 9(10) 2(11) 16 38
A = 51–54 13(16) 82(10) 64(11) 39(11) 9 40

Full fits: centroid-subtracted
A = 42–54 −72(7) 32(6) 8(6) −12(4) 23 41
A = 47–54 −66(7) 36(5) −1(5) −8(4) 17 38
A = 51–54 −41(6) 28(3) 10(4) −15(2) 18 40

these ranges were chosen to examine how sensitive the results
are to the different regions of the shell.

Initially, fits were performed allowing only one of the four
possible V J

B terms to vary, keeping the other terms fixed at
zero. The results are listed in the one-parameter fit section of
Table II, and the results listed are those for fits where only the
term at J = 2 or J = 0 (i.e., V 2

B and V 0
B ) was allowed to vary.

It is immediately clear that either a large positive J = 2 term,
or a large negative J = 0 term emerge from these results. This
is consistent across all the three regions. The r.m.s. deviation
from the data for the fits with, and without, the inclusion of
the VB terms are shown in the final two columns of Table II.
The r.m.s. deviation improves with the inclusion of the terms.
It is noteworthy that there is not very much difference in the
fit quality following the addition of a positive J = 2 term, or
a negative J = 0 term, although the latter seems marginally
favored. The key point, however, seems to be that the best
fit is obtained when the J = 2 term has a significantly more
positive value than the J = 0 term, by 70–80 keV.

Next, fits were performed where all four terms were allowed
to vary freely. An immediate point to note from our analysis
is that the four terms appear to be strongly correlated. This
is a natural consequence of the fact that MED are largely
insensitive to the absolute values of the isovector multipole
terms and, at least for V J

B values of the order of ±100 keV, the
fit quality here depends on the J dependence of the V J

B values
included. The r.m.s. deviation improves in all ranges, when all
parameters are included.

The four-parameter fits again clearly indicate, in all ranges,
that a positive rise from V 0

B to V 2
B is required, now at around

100 keV. It is now also clear that a better fit is obtained, in all
ranges, when the values of V 4

B and V 6
B are also more positive

than V 0
B . The comparison of the r.m.s. deviation values also

indicates that the fit improves dramatically as more restricted
ranges of nuclei at the upper end of the shell are considered.
This may not be surprising as it is well known that in the
upper part of the f7/2 shell, the fp-shell space and KB3G
interaction combine to give an excellent description of nuclear
properties in terms of energies, transition rates, GT strengths,
and nuclear moments (see, e.g., [27,37,38])—and nuclei near
56Ni are especially well described [39]. In the lower part of the
shell, the missing particle-hole excitations from the sd shell
reduces the reliability of the model.

The difference between the absolute values of the three
sets of fits, shown in the central section of Table II, is
not meaningful, as discussed above. It is more convenient,
therefore, to plot these values relative to a centroid which, for
a two-body multipole interaction with matrix elements V J can
be written,

V cent =
!

J (2J + 1)V J

!
J (2J + 1)

. (3)

In the final section of Table II the centroid-subtracted values,
V J

B − V cent
B are listed. The errors on the centroid-subtracted

values have been calculated accounting fully for the correla-
tions between the parameters. The reduced error bars result
from the fact that, as expected, the correlation between the
centroid-subtracted parameters is much reduced. For example,
the V 0

B − V 2
B correlation coefficient for the full fit in the A =

42–54 range, changes from 0.86 to 0.21 once the centroid
is subtracted. We see immediately that all three fits have
a very similar J dependence, relative to a centroid. The
r.m.s. deviation for these centroid-subtracted values are largely
unchanged, except for the uppermost part of the shell, again
highlighting that there is little sensitivity in the MED to the
absolute values of the matrix elements. The values in bold in
Table II (the fits across the whole f7/2 shell, with the centroid
subtracted) are therefore taken as the definitive values from
this analysis, and used as the key result for the purpose of this
paper.

The results of the full four-parameter fits, with centroid
subtraction, are shown in Fig. 1(a). The results for the
three ranges are clearly consistent, and the J dependence
does not seem dependent on how much of the f7/2 shell is
included in the analysis. Having established these four best-fit
parameters for V J

B , the individual isospin-non-conserving con-
tribution, MEDth

B , can be determined using these parameters
for each of the 93 states. These values are listed in Table I,
along with the total resulting total theoretical MED, for all
states.

The fit results can also be examined as a function of isospin
and location in the shell, and so fits were performed both
for individual mirror pairs and for pairs of specific isospin
T . Because of small numbers of data points following this
restriction, it is not possible to perform a full fit, hence either
the V 2

B or V 0
B term can be used, as this accounts for the most

significant effect. Figure 2(a) shows the extracted V 0
B term for

each of the 17 mirror pairs individually in the shell. For each
of these, the fit is compared to the value [solid line] and error
[dashed line] for the fit of V 0

B across the whole shell. Across
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