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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)



In the absence of Coulomb interactions between 
the protons, a perfectly charge-symmetric and 
charge-independent nuclear force would result in 
the binding energies of all these isobaric analogue 
nuclei being identical; that is, they would be 
structurally identical.

Isobaric Spin (Isospin)
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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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TED are: 
• Very sensitive to details of two-

body interaction 
• Isotensor in nature: 
• Always negative 
• Remarkably consistent….
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T=1 isospin triplets
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FIG. 2. Panel (a) shows the fractional deviation from the average
energy, defined as (E∗

2+ − ⟨E∗
2+ ⟩)/⟨E∗

2+ ⟩, where ⟨E∗
2+ ⟩ is the average

E∗
2+ calculated individually for each triplet. Panel (b) shows the

fractional TED, defined as the TED for the T = 1, 2+ states divided
by ⟨E∗

2+ ⟩ for that triplet. The shaded region covers the entire range
of the data not including A = 62 and is used later in the analysis.
The currently assigned datum for the A = 62 triplet is bracketed.
The data for the fpg shell, which are generally the most recent, can
be found in the following references: A = 42 [33], A = 46 [22,23],
A = 50 [24,25], A = 54 [7], A = 58 [26,27], A = 62 [18,32], A =
66 [28,29], A = 74 [30,31].

The consistent pattern of excitation energies among triplets
is seen also in the TED. This is highlighted in Fig. 2(b), which
shows the TED divided by the average energy of the three
T = 1 states in that triplet. A simple empirical observation is
that all the published data on TED lie in a narrow range, as
demonstrated by the shaded region. The exception is the A =
62 system, where the tentatively assigned T = 1, 2+ states in
62Ge and 62Ga, at 964 and 1017 keV, respectively, have been
used [18,32]. The stark difference in this case suggests that at
least one of the hitherto tentative assignments of the 62Ga or
62Ge T = 1, 2+ states may be wrong.

II. EXPERIMENTAL METHODS AND DATA ANALYSIS

In this paper, an experiment to identify the T = 1, 2+

state in 62Ga is reported using an alternative production
mechanism to previous studies: two-neutron (2n) knockout
from 64Ga. Previous studies of 2n knockout have typically
strongly populated low lying low-spin states [10,35–37].

However, during the analysis it was observed that a significant
fraction of the 64Ga secondary beam is in the low lying
42.9 keV T = 1, 2+ isomeric state, which will be discussed
later. The isomeric ratio is not measurable here; however,
we expect to see knockout from both the ground state and
the isomer. A two-nucleon knockout cross-section calculation
along the lines of Refs. [38,39] has been performed with
two-nucleon amplitudes calculated using NuShellX [40] in
a truncated-basis shell-model calculation. Excitation of up to
three protons and three neutrons outside of the f7/2 orbital
were allowed, using the GXPF1A interaction [41], and three
states of each J π were calculated.

Knockout cross sections were calculated from both the
ground state and the isomeric state of 64Ga. The knockout
strength is spread widely among ≈15 states below about
2 MeV in 62Ga. The limitations imposed by the truncation
means that a detailed numerical analysis of the cross sections
is not appropriate, but the calculations nevertheless suggest
that the T = 1, 2+ state in 62Ga should be directly populated
from both initial states of the beam. From the ground state of
64Ga, the direct population of the T = 1, 2+ state in 62Ga is
about 12% of the total, with all other strongly populated states
(>5%) having even J . For knockout from the isomeric state
of the beam, the population of the T = 1, 2+ state is larger, at
around 17%, with most of the other strongly populated states
having odd J .

The experiment was performed at the National
Superconducting Cyclotron Laboratory (NSCL) at Michigan
State University. A primary beam of 78Kr provided by the
Coupled Cyclotron Facility was accelerated to 150 A MeV and
fragmented on a 650 mg/cm2 9Be target to produce a cocktail
of secondary beams including 65Ge and 64Ga. Secondary
beam particles were identified on an event-by-event basis by
their time-of-flight (TOF) through the A1900 separator [42].
The A1900 was set such that 66As nuclei were at the center
of the momentum acceptance range. Secondary beams were
incident on a 96 mg/cm2 beryllium foil at the target position
of the S800 spectrograph [43]. Reaction products in the S800
were identified using TOF and energy loss detectors at the
S800 focal plane [44]. Positions in the S800 were measured
using two cathode readout drift chambers and used both to
determine position and angle at the target from trajectory
reconstruction, and to correct time-of-flight measurements for
flight path and momentum.

Gamma rays were detected using the Gamma-Ray Energy
Tracking In-Beam Nuclear Array (GRETINA [45]), which
consists of 28, coaxial, HPGe crystals. The crystals pack
tightly and cover ∼1π of the solid angle in the laboratory
frame. The outer contacts of each detector are segmented with
six longitudinal segments and six lateral segments. Signals
from all 36 segments and the core are digitized and signal
decomposition localizes the interaction points of γ rays with
subsegment resolution. Signal decomposition was performed
in real time during the experiment. In the offline analysis
all γ -ray interaction points associated with an event were
spatially clustered, and Compton-tracked to determine the
first interaction point and reject scattered γ rays which con-
tribute to the Compton background. γ -ray first-hit interaction
points, in combination with the path of particles through

024315-3
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Triplet energy differences for A=70

ISOSPIN-SYMMETRY BREAKING AND SHAPE . . . PHYSICAL REVIEW C 91, 014302 (2015)

-50

0

50

100

150

C
ED

 (k
eV

)

70Br - 70Se
74Rb - 74Kr

2+ 4+ 6+

 exp - full symbols
 theory - open symbols

 Iπ

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.
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FIG. 2. Panel (a) shows the fractional deviation from the average
energy, defined as (E∗

2+ − ⟨E∗
2+ ⟩)/⟨E∗

2+ ⟩, where ⟨E∗
2+ ⟩ is the average

E∗
2+ calculated individually for each triplet. Panel (b) shows the

fractional TED, defined as the TED for the T = 1, 2+ states divided
by ⟨E∗

2+ ⟩ for that triplet. The shaded region covers the entire range
of the data not including A = 62 and is used later in the analysis.
The currently assigned datum for the A = 62 triplet is bracketed.
The data for the fpg shell, which are generally the most recent, can
be found in the following references: A = 42 [33], A = 46 [22,23],
A = 50 [24,25], A = 54 [7], A = 58 [26,27], A = 62 [18,32], A =
66 [28,29], A = 74 [30,31].

The consistent pattern of excitation energies among triplets
is seen also in the TED. This is highlighted in Fig. 2(b), which
shows the TED divided by the average energy of the three
T = 1 states in that triplet. A simple empirical observation is
that all the published data on TED lie in a narrow range, as
demonstrated by the shaded region. The exception is the A =
62 system, where the tentatively assigned T = 1, 2+ states in
62Ge and 62Ga, at 964 and 1017 keV, respectively, have been
used [18,32]. The stark difference in this case suggests that at
least one of the hitherto tentative assignments of the 62Ga or
62Ge T = 1, 2+ states may be wrong.

II. EXPERIMENTAL METHODS AND DATA ANALYSIS

In this paper, an experiment to identify the T = 1, 2+

state in 62Ga is reported using an alternative production
mechanism to previous studies: two-neutron (2n) knockout
from 64Ga. Previous studies of 2n knockout have typically
strongly populated low lying low-spin states [10,35–37].

However, during the analysis it was observed that a significant
fraction of the 64Ga secondary beam is in the low lying
42.9 keV T = 1, 2+ isomeric state, which will be discussed
later. The isomeric ratio is not measurable here; however,
we expect to see knockout from both the ground state and
the isomer. A two-nucleon knockout cross-section calculation
along the lines of Refs. [38,39] has been performed with
two-nucleon amplitudes calculated using NuShellX [40] in
a truncated-basis shell-model calculation. Excitation of up to
three protons and three neutrons outside of the f7/2 orbital
were allowed, using the GXPF1A interaction [41], and three
states of each J π were calculated.

Knockout cross sections were calculated from both the
ground state and the isomeric state of 64Ga. The knockout
strength is spread widely among ≈15 states below about
2 MeV in 62Ga. The limitations imposed by the truncation
means that a detailed numerical analysis of the cross sections
is not appropriate, but the calculations nevertheless suggest
that the T = 1, 2+ state in 62Ga should be directly populated
from both initial states of the beam. From the ground state of
64Ga, the direct population of the T = 1, 2+ state in 62Ga is
about 12% of the total, with all other strongly populated states
(>5%) having even J . For knockout from the isomeric state
of the beam, the population of the T = 1, 2+ state is larger, at
around 17%, with most of the other strongly populated states
having odd J .

The experiment was performed at the National
Superconducting Cyclotron Laboratory (NSCL) at Michigan
State University. A primary beam of 78Kr provided by the
Coupled Cyclotron Facility was accelerated to 150 A MeV and
fragmented on a 650 mg/cm2 9Be target to produce a cocktail
of secondary beams including 65Ge and 64Ga. Secondary
beam particles were identified on an event-by-event basis by
their time-of-flight (TOF) through the A1900 separator [42].
The A1900 was set such that 66As nuclei were at the center
of the momentum acceptance range. Secondary beams were
incident on a 96 mg/cm2 beryllium foil at the target position
of the S800 spectrograph [43]. Reaction products in the S800
were identified using TOF and energy loss detectors at the
S800 focal plane [44]. Positions in the S800 were measured
using two cathode readout drift chambers and used both to
determine position and angle at the target from trajectory
reconstruction, and to correct time-of-flight measurements for
flight path and momentum.

Gamma rays were detected using the Gamma-Ray Energy
Tracking In-Beam Nuclear Array (GRETINA [45]), which
consists of 28, coaxial, HPGe crystals. The crystals pack
tightly and cover ∼1π of the solid angle in the laboratory
frame. The outer contacts of each detector are segmented with
six longitudinal segments and six lateral segments. Signals
from all 36 segments and the core are digitized and signal
decomposition localizes the interaction points of γ rays with
subsegment resolution. Signal decomposition was performed
in real time during the experiment. In the offline analysis
all γ -ray interaction points associated with an event were
spatially clustered, and Compton-tracked to determine the
first interaction point and reject scattered γ rays which con-
tribute to the Compton background. γ -ray first-hit interaction
points, in combination with the path of particles through
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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
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

�11 ms), which can then be converted to a
half-life of 33+15

�8 ms. - see text for comments on the error analysis.

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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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
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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
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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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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
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

�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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HISPEC-type techniques

Utilising the features of relativistic fragmentation beams… 
• High velocity 
• Thick targets 
• Population of isomers

Applications to isospin-symmetry studies:   

•  Knockout reactions to exotic nuclei - 1n and 2n removal 

•  Direct reactions on high-spin isomers 

•  Lifetime measurements through a “stretched-target” technique. 

Experiments do not measure target final states. Final 

state of core b can be measured – using decay 

gamma rays.

How to describe? what can we learn from these? 

P.G. Hansen and J.A. Tostevin, Ann Rev Nucl Part Sci 53 (2003) 219

A nuclear spectroscopy probe is one-nucleon removal –

at energies ~100 MeV/nucleon and greater

Orientation – neutron removal – or knockout

[fast] exotic
projectile
(v/c > 0.4)

12C, 9Be1
j
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Motivation 

� Investigate the purity of  the isospin 
q.n. 

� Isospin Mixing: 
- Coulomb interaction between protons  
dilates proton W.Fn relative to that of a 
neutron in the same orbit 
- Any significant charge asymmetry/charge 
dependence of nucleon-nucleon 
interaction 

� EM transition matrix elements, 
directly sensitive to isospin 
admixtures 

� Investigate isospin mixing in 46V (T=0 
admixtures in J=0+ and J=2+ state) 

� Test the Linearity of B(E2) vs T୸ 

 

 

 
 

46Cr 46V 46Ti 

T=1 

T=1 
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AGATA-PRESPEC Experiment, April 2014 - analysis by: 
Scott Milne (York) and Alberto Boso (Padova)

Test linearity of E2 matrix element 
with Tz - isospin selection rule
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A=46 Triplet: Our Choice 

lated !13". We have calculated the expectation value of the
pairing correlation energy in perturbation theory, as de-
scribed in Ref. !14" for the T!1 isobaric analog states in
46V and 46Ti. The results are reported in Fig. 4. In the upper
part of the figure, the contributions of the T!1 pairing terms
are plotted for 46V. The most important contribution arises
from the pn T!1 pairing which decreases with increasing
angular momentum. At J!8 this pairing mode becomes very
small, which is consistent with the fact that the first pair
which aligns with the rotational axis is a pn pair. On the
other hand, the contribution of the like-nucleon pairing re-
mains almost constant. The opposite behavior is found for
46Ti, as shown in the middle of Fig. 4. The number of va-
lence neutrons in 46Ti is twice that of the protons. Therefore,
at J!0 the nn pairing contribution is twice that of the pro-
tons. At J!2 the nn pairing strength decreases but also the
pp contribution does, although its change is not so marked.
At J!4 both contributions become almost equal but at J
!6, while the nn term remains constant, the pp contribution
decreases by #30%. This picture would suggest that there is
a smooth alignment of both pairs of protons and neutrons

with increasing spin. On the other hand, the pn T!1 pairing
strength in 46Ti follows the same behavior of the like-
nucleon pairs in 46V. In the bottom of Fig. 4, the contribu-
tions of both T!0 and T!1 (pp ,nn , and pn) pairing terms

FIG. 3. Excitation energy versus angular momentum for states
in 46V. The experimental data $filled symbols% are compared with
shell model calculations. $a% The T!0 and T!1 positive parity
bands. $b% The T!0 negative parity band; the inset shows the ex-
perimental excitation energy, minus an average rigid rotor contri-
bution, plotted separately for each signature.

TABLE I. Reduced matrix elements for transitions between
positive parity states in 46V from SM calculations.

I i
& I f

& B(M1) B(E2) BRtheo BRexp
('N

2 ) (e2 fm4) (%) (%)

1T!0 0T!1 1.07 – – –
2T!1 0T!1 – 142 – –
32
T!0 2T!1 0.15 – – –
4T!1 2T!1 – 187 10 –

32
T!0 0.63 – 82 100 $20%
51
T!0 0.03 – 7 –

6T!1 52
T!0 0.77 – 42 100 $40%
51
T!0 0.49 – 57 –
4T!1 – 175 "1 –

8T!1 91
T!0 1.02 – 63 –
72
T!0 1.40 – 28 –
71
T!0 0.017 – 7 100 $45%
6T!1 – 167 2 –

12T!1 13T!0 2.56 0.4 21 –
11T!0 1.21 1.4 78 100 $30%
10T!1 – 54 1 –

14T!1 15T!0 3.19 – 98 100 $30%
13T!0 0.048 – 1.5 –
12T!1 – 53 0.5 –

FIG. 4. Pairing correlation energy versus angular momentum for
the T!1 isobaric analog states in 46V and 46Ti from SM calcula-
tions. $a% T!1 (J!0) pairing channels in 46V. $b% T!1 (J!0)
pairing channels in 46Ti. $c% T!1 (J!0) and T!0 (J!1) pairing
channels in 46V.
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12T!1 – 53 0.5 –

FIG. 4. Pairing correlation energy versus angular momentum for
the T!1 isobaric analog states in 46V and 46Ti from SM calcula-
tions. $a% T!1 (J!0) pairing channels in 46V. $b% T!1 (J!0)
pairing channels in 46Ti. $c% T!1 (J!0) and T!0 (J!1) pairing
channels in 46V.
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region. Very few states were known previously in 46V. In
particular, the highest state tentatively reported by Poletti
et al. !8" was the J!9" at 3094 keV which we confirm. At
the same time of this work, other two groups have studied
46V, at low !9" and high spins !10". We agree in general with
their observations and report several more new levels and
transitions to the scheme of 46V which are crucial for the
interpretation of the underlying structures.
High spin states in 46V have been populated via the

28Si(24Mg,#pn) reaction, with a 100 MeV 24Mg beam pro-
vided by the XTU Tandem Accelerator of the Legnaro Na-
tional Laboratory. The target consisted of 0.4 mg/cm2 of
28Si $enriched to 99.9%%. Gamma rays were detected with
the GASP array, comprising 40 Compton-suppressed HPGe
detectors and an 80-element BGO ball which acts as a &-ray
multiplicity and sum-energy filter. Light charged particles
were detected with the ISIS array, consisting of 40 ('E ,E)
Si telescopes. Gain matching and efficiency calibration of the
Ge detectors were performed using 152Eu, 56Co, and 60Co
radioactive sources.
The level scheme of 46V deduced from the present work

is shown in Fig. 1. It has been built on the basis of a

&-&-&-coincidence cube and a &-& matrix constructed from
all events in which one proton and one # particle were de-
tected in the ISIS array. In this latter matrix, the kinematical
Doppler correction has been performed according to the de-
tection geometry of the charged particles. Gamma-ray spec-
tra obtained from setting coincidence gates in this matrix are
shown in Fig. 2. The spin-parity assignments were deduced
from the &-ray angular distribution, the directional correla-
tion from oriented states $DCO% ratios and from the decay
pattern.
The most strongly populated structure in 46V is the posi-

tive parity T!0 band A built on the low-lying 3" isomeric
state (T1/2!1.04 ms%. This band is now extended up to the
15" terminating state, the maximum spin available to 46V in
a pure f 7/2-shell configuration. As happens in 50Mn, where
the T!0 bandhead has a spin J!5, while the pn interaction
favors in energy the J!1 and J!7 couplings, the strong
quadrupole field near the middle of the shell gives rise to a
K(!3" bandhead for the T!0 yrast band. In the Nilsson
scheme this corresponds to a proton and a neutron in the
!301" 32 orbit. The low spin behavior of the band, including

FIG. 1. Level scheme of 46V from the present
work. Transition and level energies are given in
keV.
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Fundamental selection rules and isospin  

Fundamental prediction of isospin formalism: 

Dependence of transition ME on Tz  in an isobaric multiplet 

(IS)                  (IV) 
Assumes isospin purity – i.e. 

T to T transitions only 

Rule 1: E1 transitions (no isoscalar part) forbidden for N=Z nuclei 

Deviations? E.g. 64Ge, small E1 component of M2/E1 transtion – 
consistent with ~2% isospin impurity 

Rule 2: E1 transitions identical strengths in mirror nuclei 

Deviations? Unequal E1 transition strengths observed (factors of 30-50) 
– possible explanation few % impurity 

Rule 3: E2 transitions  

Mtot (√B(E2)) must be linear with Tz 

 

Farnea et al, Phys Lett. B551 (2003)56  

35Ar Ekman et al, PRL (2004) 132502  
31S Pattabiraman et al, PRC78(2008)057304 
44V Taylor et al, PRC in press 2011   
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A=46 Triplet: Our Choice 

lated !13". We have calculated the expectation value of the
pairing correlation energy in perturbation theory, as de-
scribed in Ref. !14" for the T!1 isobaric analog states in
46V and 46Ti. The results are reported in Fig. 4. In the upper
part of the figure, the contributions of the T!1 pairing terms
are plotted for 46V. The most important contribution arises
from the pn T!1 pairing which decreases with increasing
angular momentum. At J!8 this pairing mode becomes very
small, which is consistent with the fact that the first pair
which aligns with the rotational axis is a pn pair. On the
other hand, the contribution of the like-nucleon pairing re-
mains almost constant. The opposite behavior is found for
46Ti, as shown in the middle of Fig. 4. The number of va-
lence neutrons in 46Ti is twice that of the protons. Therefore,
at J!0 the nn pairing contribution is twice that of the pro-
tons. At J!2 the nn pairing strength decreases but also the
pp contribution does, although its change is not so marked.
At J!4 both contributions become almost equal but at J
!6, while the nn term remains constant, the pp contribution
decreases by #30%. This picture would suggest that there is
a smooth alignment of both pairs of protons and neutrons

with increasing spin. On the other hand, the pn T!1 pairing
strength in 46Ti follows the same behavior of the like-
nucleon pairs in 46V. In the bottom of Fig. 4, the contribu-
tions of both T!0 and T!1 (pp ,nn , and pn) pairing terms

FIG. 3. Excitation energy versus angular momentum for states
in 46V. The experimental data $filled symbols% are compared with
shell model calculations. $a% The T!0 and T!1 positive parity
bands. $b% The T!0 negative parity band; the inset shows the ex-
perimental excitation energy, minus an average rigid rotor contri-
bution, plotted separately for each signature.

TABLE I. Reduced matrix elements for transitions between
positive parity states in 46V from SM calculations.

I i
& I f

& B(M1) B(E2) BRtheo BRexp
('N

2 ) (e2 fm4) (%) (%)

1T!0 0T!1 1.07 – – –
2T!1 0T!1 – 142 – –
32
T!0 2T!1 0.15 – – –
4T!1 2T!1 – 187 10 –

32
T!0 0.63 – 82 100 $20%
51
T!0 0.03 – 7 –

6T!1 52
T!0 0.77 – 42 100 $40%
51
T!0 0.49 – 57 –
4T!1 – 175 "1 –

8T!1 91
T!0 1.02 – 63 –
72
T!0 1.40 – 28 –
71
T!0 0.017 – 7 100 $45%
6T!1 – 167 2 –

12T!1 13T!0 2.56 0.4 21 –
11T!0 1.21 1.4 78 100 $30%
10T!1 – 54 1 –

14T!1 15T!0 3.19 – 98 100 $30%
13T!0 0.048 – 1.5 –
12T!1 – 53 0.5 –

FIG. 4. Pairing correlation energy versus angular momentum for
the T!1 isobaric analog states in 46V and 46Ti from SM calcula-
tions. $a% T!1 (J!0) pairing channels in 46V. $b% T!1 (J!0)
pairing channels in 46Ti. $c% T!1 (J!0) and T!0 (J!1) pairing
channels in 46V.
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region. Very few states were known previously in 46V. In
particular, the highest state tentatively reported by Poletti
et al. !8" was the J!9" at 3094 keV which we confirm. At
the same time of this work, other two groups have studied
46V, at low !9" and high spins !10". We agree in general with
their observations and report several more new levels and
transitions to the scheme of 46V which are crucial for the
interpretation of the underlying structures.
High spin states in 46V have been populated via the

28Si(24Mg,#pn) reaction, with a 100 MeV 24Mg beam pro-
vided by the XTU Tandem Accelerator of the Legnaro Na-
tional Laboratory. The target consisted of 0.4 mg/cm2 of
28Si $enriched to 99.9%%. Gamma rays were detected with
the GASP array, comprising 40 Compton-suppressed HPGe
detectors and an 80-element BGO ball which acts as a &-ray
multiplicity and sum-energy filter. Light charged particles
were detected with the ISIS array, consisting of 40 ('E ,E)
Si telescopes. Gain matching and efficiency calibration of the
Ge detectors were performed using 152Eu, 56Co, and 60Co
radioactive sources.
The level scheme of 46V deduced from the present work

is shown in Fig. 1. It has been built on the basis of a

&-&-&-coincidence cube and a &-& matrix constructed from
all events in which one proton and one # particle were de-
tected in the ISIS array. In this latter matrix, the kinematical
Doppler correction has been performed according to the de-
tection geometry of the charged particles. Gamma-ray spec-
tra obtained from setting coincidence gates in this matrix are
shown in Fig. 2. The spin-parity assignments were deduced
from the &-ray angular distribution, the directional correla-
tion from oriented states $DCO% ratios and from the decay
pattern.
The most strongly populated structure in 46V is the posi-

tive parity T!0 band A built on the low-lying 3" isomeric
state (T1/2!1.04 ms%. This band is now extended up to the
15" terminating state, the maximum spin available to 46V in
a pure f 7/2-shell configuration. As happens in 50Mn, where
the T!0 bandhead has a spin J!5, while the pn interaction
favors in energy the J!1 and J!7 couplings, the strong
quadrupole field near the middle of the shell gives rise to a
K(!3" bandhead for the T!0 yrast band. In the Nilsson
scheme this corresponds to a proton and a neutron in the
!301" 32 orbit. The low spin behavior of the band, including

FIG. 1. Level scheme of 46V from the present
work. Transition and level energies are given in
keV.
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Chapter 5: Lifetime and Coulex Measurements Across the T = 1 A = 46 Triplet of Nuclei

for the scattering angle of ions at the reaction target to be measured on an event-by-event

basis.

5.4.4.2 Caesium Iodide (CsI) Scintillators

Situated 10 mm behind each wall DSSSD module is an array of 9 CsI(Tl) crystals, as

shown in Fig. 5.11, which are used to measure the residual energy (Eres) of implanted

ions. Each crystal, with the exception of those at module positions 1, 2, 24 and 25 (see

Fig. 5.10), has an area of 19.4 ⇥ 19.4 mm2 and a depth of 33 mm, followed by a 7 mm

deep pyramidal light guide, which tapers to a surface area of 10.4 ⇥ 10.4 mm2, matching

that of the PhotoDiode (PD) located at the back of the detector [131]. The other crystals

however, at the aforementioned module positions, have a depth of 10 mm and a pyramidal

light guide depth of 5 mm. Each CsI crystal is doped with Thallium (Tl), with a typical

concentration of 0.08-0.10% per mol, whereby this CsI(Tl) scintillator material was chosen

due to its high stopping power and high light output, with a peak intensity at 550 nm, at

which the PDs have a high quantum e�ciency of 82-86% [131]. The detectors function by

incident charged beam particles being stopped in the CsI(Tl) material, generating photons

through the process of scintillation, which are then guided by the pyramidal light guides

to the PDs at the back of the detector, where they are collected.

Figure 5.11: Schematic drawing of a LYCCA wall module, taken from Ref. [132].
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Figure 5.12: Photograph of the LYCCA ToF Start/Stop scintillator, see text for details,

photos taken from Ref. [133].

�D� �E�

Figure 5.13: Photographs of (a) the mounted 0.25 mm thick gold Coulex target and (b)

the mounted TCP target (Section 5.2.1), at the centre of the reaction target chamber.

This state-of-the-art �-ray spectrometer, represents part of the new generation of �-ray

tracking arrays, consisting of highly segmented High-Purity Germanium (HPGe) detectors.

Once fully constructed, AGATA will consist of 180 HPGe detectors, with an angular

coverage of 4⇡, which will be capable of accurately tracking the interactions of �-rays

detected within, with a far greater e�ciency than its predecessors. As a result, the study of

even the most exotic of reaction channels will become possible with this �-ray spectrometer,
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5.4.4 The LYCCA Detector Array

The Lund-York-Cologne CAlorimeter (LYCCA) [131] is used for the identification and

tracking of ions after the reaction target. As shown in Fig. 5.9, LYCCA is comprised

of a number of detector systems, whereby position, ToF, energy loss (�E) and residual

energy (Eres) measurements are performed through the use of Double-Sided Strip Silicon

Detectors (DSSSDs), fast plastic scintillators, wall DSSSD modules and Cesium Iodide

(CsI(Tl)) crystals, respectively. Ions after the secondary target are identified by their

atomic number (Z ), through �E�Eres measurements in the LYCCA wall, while di↵erent

isotopes can additionally be identified by combining this information with ion velocity

measurements obtained using ToF and position information. In addition, this ion velocity,

also commonly referred to as the event-by-event LYCCA beta, can also be used for the

Doppler correction of �-ray spectra. In the following sections, a brief description will be

given of the various detector system used in LYCCA.

Fig. 1. Sketch of the detection concept of LYCCA. LYCCA-related items are drawn in
black. See text for details.

UHV

Figure 5.9: Schematic layout of the various LYCCA detectors (shown in black) used at

GSI [131]. The LYCCA ToF target detector was not available during the experiment, see

text for more details.
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5.4.4 The LYCCA Detector Array

The Lund-York-Cologne CAlorimeter (LYCCA) [131] is used for the identification and

tracking of ions after the reaction target. As shown in Fig. 5.9, LYCCA is comprised

of a number of detector systems, whereby position, ToF, energy loss (�E) and residual

energy (Eres) measurements are performed through the use of Double-Sided Strip Silicon

Detectors (DSSSDs), fast plastic scintillators, wall DSSSD modules and Cesium Iodide

(CsI(Tl)) crystals, respectively. Ions after the secondary target are identified by their

atomic number (Z ), through �E�Eres measurements in the LYCCA wall, while di↵erent

isotopes can additionally be identified by combining this information with ion velocity

measurements obtained using ToF and position information. In addition, this ion velocity,

also commonly referred to as the event-by-event LYCCA beta, can also be used for the

Doppler correction of �-ray spectra. In the following sections, a brief description will be

given of the various detector system used in LYCCA.

Fig. 1. Sketch of the detection concept of LYCCA. LYCCA-related items are drawn in
black. See text for details.

UHV

Figure 5.9: Schematic layout of the various LYCCA detectors (shown in black) used at

GSI [131]. The LYCCA ToF target detector was not available during the experiment, see

text for more details.
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5.4 Experimental Set-up

5.4.4.1 Double-Sided Silicon Strip Detectors (DSSSDs)

Double-Sided Silicon Strip Detectors (DSSSDs) are commonly used detectors in physics

experiments due to their ability to measure both the energy loss (�E) and position of

charged particles passing through the silicon material [131]. Each DSSSD module used in

LYCCA has an active area of 58.5 ⇥ 58.5 mm2 and a nominal thickness of 300-320µm.

The active area on both the front (p-side) and back (n-side) of each DSSSD is subdivided

into 32 horizontal strips, running in orthogonal directions for both sides, which results in

the creation of 1024, 1.83 ⇥ 1.83 mm2 pixels. For the Target DSSSD, each strip is read-out

individually, while for the 16 Wall DSSSD modules (see Fig. 5.10), the strips are read-out

two by two, i.e. resulting in 256, 3.66 ⇥ 3.66 mm2 pixels for each module.
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Figure 5.10: Hit pattern of the LYCCA wall DSSSD modules used at GSI, where the

standard labelling convention for the LYCCA modules used in this experiment is also

shown. The white lines observed in this plot represent either the gaps between the modules,

or in some cases, faulty strips in the DSSSD detector modules.

Particle positions are found by the strips with the largest energy deposition on both

sides of the DSSSD. Positions measured in both the Target DSSSD, located just before the

target, and the wall DSSSD, located ⇠3.7 m downstream, are used to track the trajectories

of ions after the reaction target. Combining this with position information provided by

the TPCs at S4 allows for the incoming trajectories of ions to also be tracked and therefore
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can be used as an optional ’Wall DSSSD’ trigger input718

signal.719

The photodiode read-out of the CsI detectors in720

the LYCCA modules is handled very similarly: The721

modules are grouped together in units of three, such722

that 3*9=27 photodiodes can be processed by one 32-723

channel preamplifier (identical to the one used for the724

DSSSDs, cf. Sec. 4.2), two analogue shapers, one ADC,725

and 32 channels of either a CAEN 775 TDC or part of726

a CAEN 767 TDC. A logic OR of all timing signals727

could or can be used as an optional ’Wall CsI’ trigger728

input signal.729

The high-voltage bias supply to both DSSSDs and730

photodiodes is provided by a set of four 4-channel731

Mesytec MHV4 NIM modules [36]. Remote control of732

MHV4 voltages as well as STM16/MSCF16 gain and733

threshold settings are enabled by two Mesytec MRC1734

slow-control units [36].735
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Figure 12: Energy loss vs. energy plot showing the Z distribution
measured in one LYCCA ∆E-Eres module. The Z = 26 selection for
Fe fragments is shown.

5. First In-beam Commissioning Results736

The first in-beam commissioning experiment for LY-737

CCA took place in September 2010, which aimed to de-738

termine the performance of the LYCCA detectors for739

nuclei around A ∼ 60. A 550 MeV/u 64Ni beam was in-740

cident upon a 4 g/cm2 thick 9Be production target at the741

entrance window to the FRS [6]. A secondary beam of742
63Co was selected and allowed to pass through a num-743

ber of FRS detectors, the LYCCA ToF start scintilla-744

tor and the LYCCA target detectors, which consistet of745

the target diamond prototype detector and a DSSSD. A746

0.4 g/cm2 thick 197Au secondary target followed these747

detectors. The energy of the 63Co beam at this point was748

approximately 165 MeV/u. The beam continued to pass749

through the remaining LYCCA ToF Stop scintillator and750

LYCCA telescopes before coming to rest in the LYCCA751

wall CsI detectors. The flight distances (cf. Fig. 1) were752

din = 700(5) mm and dout = 3.61(1) m.753
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Figure 13: ToFtot vs. energy Eres plot showing Fe fragments from the
commissioning data.

In order to get an idea of the performance of LYCCA,754

the mass resolution of Fe fragments, primarily produced755

by secondary beam interactions with the diamond de-756

tector and DSSSD at the target position, was evaluated.757

Using this measurement and knowledge of the energy758

resolution, the timing resolution was extracted and all759

resolution values were compared with those used in the760

LYCCA simulations [10] and outlined in the LYCCA761

TDR [11].762
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Figure 14: Fe fragment masses calculated on an event-by-event basis.
The mass resolution of ∆A = 0.55 (FWHM) was determined from the
average width of the six peak Gaussian least sqaures fit shown.

A Z = 26 selection was made using ∆E − Eres data763

from the LYCCA wall DSSSDs and CsI detectors re-764

spectively, as can be seen in Fig. 12. Isotopic identi-765

fication of the Fe fragments could then be provided by766
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Figure 5.23: Calibrated LYCCA PID for outgoing fragments after the reaction target,

produced in the 46Ti FRS setting. The unique identification of di↵erent isobars of nuclei

can be observed by the horizontal stripes.

the data was then analysed o✏ine, using the Mars Gamma Tracking (MGT) code [144]

for �-ray tracking. While the “traces”, i.e. the electrical signals measured in the core and

segments of each AGATA crystal, were written to disk during the experiment, this data

was not further examined during the o✏ine analysis and therefore the quality of the on-line

PSA was not further optimised during this work. However, as will be shown in Chapter 6,

these calibrations were su�ciently optimised for the preliminary analysis discussed in this

thesis. A more detailed discussion on these calibrations and optimisations can be found

in Refs. [148].

The application of software gates in this analysis, both to an incoming FRS PID and

outgoing LYCCA PID, allowed for �-ray spectra to be produced for the reaction channels

of interest, with negligible contamination from other reaction channels. However, other

sources of background still remained in these spectra, which needed to be addressed.

In Section 5.7.1, both the Doppler reconstruction and procedure to determine the

target position will be discussed. Following this, in Sections 5.7.2 and 5.7.3 it will be

discussed how the background was reduced in these spectra through the application of

particle-time and �-ray multiplicity gates. Finally, in Section 5.7.4 it will be discussed

how the resolution of the observed transitions was significantly improved.
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Chapter 6: Results for Lifetime and Coulex Measurements across the T = 1 A = 46
Triplet of Nuclei
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Figure 6.2: Outgoing gates applied to the LYCCA PID for (a) the 46Ti beam setting and

(b) the 46Cr beam setting. Both PID were produced with an incoming FRS gate on the

nuclei of interest.

600 700 800 900 1000 1100 1200
50

100

150

200

250

300

350

400

450

600 700 800 900 1000 1100 1200

10

20

30

40

50

(QHUJ\�>NH9@ (QHUJ\�>NH9@

&
RX
QW
V�
�N
H9

&
RX
QW
V�
�N
H9

�D� �E�

Figure 6.3: Doppler corrected �-ray spectra for (a) 46Ti and (b) 46Cr, using the optimised

event-by-event LYCCA �.

observed. By fitting each peak with Gaussian function plus a linear background, the total

number of counts in each peak could be extracted. For the well-studied and stable nuclide

46Ti, the total number of counts measured was 2198±64, while for the more exotic 46Cr,

176±16 counts were measured. However, due to the higher beam energies (⇠175 MeV/u)

used to study Coulomb excitation in these nuclei, a further correction had to be applied

to the data in order to ensure that only genuine Coulex events were considered. This is

because at these beam energies, the contribution to the reaction process from the strong
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5.4.4 The LYCCA Detector Array

The Lund-York-Cologne CAlorimeter (LYCCA) [131] is used for the identification and

tracking of ions after the reaction target. As shown in Fig. 5.9, LYCCA is comprised

of a number of detector systems, whereby position, ToF, energy loss (�E) and residual

energy (Eres) measurements are performed through the use of Double-Sided Strip Silicon

Detectors (DSSSDs), fast plastic scintillators, wall DSSSD modules and Cesium Iodide

(CsI(Tl)) crystals, respectively. Ions after the secondary target are identified by their

atomic number (Z ), through �E�Eres measurements in the LYCCA wall, while di↵erent

isotopes can additionally be identified by combining this information with ion velocity

measurements obtained using ToF and position information. In addition, this ion velocity,

also commonly referred to as the event-by-event LYCCA beta, can also be used for the

Doppler correction of �-ray spectra. In the following sections, a brief description will be

given of the various detector system used in LYCCA.

Fig. 1. Sketch of the detection concept of LYCCA. LYCCA-related items are drawn in
black. See text for details.

UHV

Figure 5.9: Schematic layout of the various LYCCA detectors (shown in black) used at

GSI [131]. The LYCCA ToF target detector was not available during the experiment, see

text for more details.
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0.3 mg/cm2, 64Ge compound nuclei are formed. The 61
31Ga30 nuclei are then produced via

the 1p2n reaction channel and 62
32Ge30 following the evaporation of two neutrons.

The Ge detector array CLARION [35] was used to detect the γ radiation at the target
position in coincidence with the recoiling nuclei, which were discriminated with the help of
the recoil mass spectrometer (RMS) before finally being stopped in an Ionisation Chamber
(IC). The horizontal position, i.e., the A/Q value, is determined by a position-sensitive
grid placed inside the IC [35], and event-by-event information on the proton number Z
was obtained through detailed investigations of differential energy losses in the three parts
of the anode in the IC [36].

A total of five transitions were found to belong to 61Ga [36,24]. Recoil-γγ coincidences
and mirror symmetry arguments suggest that three transitions at 1506, 1126, and 271 keV
form the 13/2− → 9/2− → 5/2− → 3/2− cascade in 61Ga. The mirror transitions in 61Zn
have energies of 1532, 1141, and 124 keV, respectively [37,38]. A 220 keV transition in
61Ga finds a natural counterpart in the 89 keV 1/2− → 3/2− ground-state transition in
61Zn [39], but no unique candidate is at hand for the fifth line at 1231 keV. The level
schemes of the Tz = ±1/2 A = 61 mirror nuclei are shown in Fig. 4(a).

Figure 4. The proposed level schemes of 61Ga [part (a)] and 62Ge [part(b)] together with
the relevant parts of the known level scheme of the mirror nuclei 61Zn [39,37,38] and 62Zn
[42] as well as the presumed 2+ and 4+ isobaric analogue states in the odd-odd N = Z
nucleus 62Ga [41]. Energy labels are in keV, tentative transitions and levels are dashed,
and the widths of the arrows correspond to the relative intensities of the transitions.

Two tentative transitions could be discriminated for the exotic N = Z−2 nucleus 62Ge
at 964 and 1321 keV via careful inspections of correlations between differential energy
losses in the IC and associated γ rays [40]. Figure 4(b) compares the tentative excitation
scheme of 62Ge to its isobars 62Ga and 62Zn [41,42]. In Fig. 5 the energy-loss behaviour of
the 964 keV candidate is compared to the behaviour of other candidates [(part (a)] and
the ground-state transitions of the A = 62 isobars 62Ga (571 keV) and 62Zn (954 keV)
[(part (b)]. There is a small though rather distinct peak at the correct position for
Z = 32 for the 964 keV candidate, while the rise at channel ∼ 200, i.e., the Z = 30
position, may be due to either a weak doublet with a transition in 62Zn or problems in the
background subtraction [40]. None of the other candidates around 950–1000 keV reveals a
similarly pronounced rise at Z = 32. It is estimated that about twice the statistics of the
present experiment would be needed to actually prove that the 964 keV line represents
the 2+ → 0+ ground-state transition of 62Ge. Note that the relative production cross

D. Rudolph et al. / Nuclear Physics A 752 (2005) 241c–250c246c

sisting of 40 !E–E Si telescopes to detect evaporated
charged particles. The coincident detection of evaporated
particles and " radiation thus allows to discriminate " rays
originating from different reaction products. The event trig-
ger required either one Ge detector, one BGO detector, and
one neutron detector or two Ge detectors and one BGO de-
tector firing. At the end of the experiment, the Ge detectors
were energy and efficiency calibrated with 56Co, 133Ba, and
152Eu sources.

III. RESULTS

Table I shows the experimental relative cross sections for
the reaction 24Mg+ 40Ca at beam energies ranging from ini-

tially 60 MeV down to 55 MeV. They are estimated from the
efficiency corrected yields of known ground-state and band-
head transitions in various spectra with different conditions
on evaporated charged particles or neutrons.

62Ga residues are formed after the evaporation of one pro-
ton and one neutron from the compound nucleus 64Ge. They
are produced in about 0.3% of the reactions. The result of the
analysis of particle-gated "" and """ coincidences as well
as "" angular distributions and correlations is comprised in
the excitation scheme of 62Ga displayed on the left hand side
of Fig. 1 and the corresponding numeric details in Table II.
The RADWARE analysis software [20] and the spectrum
analysis code TV [21] were employed to derive the results.
The level scheme shown in Fig. 1 is consistent with the

one proposed by Vincent et al. [14], who reported the
571-246-376-1241-2355-946-1107 keV yrast cascade and
the 622 and 1180 keV transitions populating the 3+ and 5+
states, respectively. In an independent high-spin study of
62Ga [15], the 1488-867 keV bypass of the 2355 keV transi-
tion has been observed together with the extension of the
odd-spin yrast sequence up to spin I=17 via two additional
stretched quadrupole transitions at 1747 and 1387 keV. The
other transitions on the right hand side of the level scheme in
Fig. 1 are inferred from the present work. In the following,
their coincidence relationships are going to be discussed in
more detail based on the "-ray spectra displayed in Figs. 2
and 3.
Figure 2 provides a total of four "-ray spectra, which

originate from a """ analysis, i.e., they are measured in
coincidence with certain combinations of two "-ray transi-
tions. Panel (b) may be regarded as a 62Ga reference spec-
trum as it relates to the sum the three spectra in coincidence
with any combination of the three intense, low-lying 246,
376, and 571 keV transitions. The inset shows the high-
energy fraction of the spectrum highlighting the known
2355 keV line and a new, tentative transition at 2603 keV.
Weak new lines at 1363 and 1424 keV are also present in

TABLE I. Experimental relative fusion cross sections #rel of the
reaction 24Mg+40Ca at 60 MeV initial beam energy. The predicted
total fusion cross section averaged over the target thickness is
110 mb.

Nuclide Channel #rel !%"

62Ga 1p1n 0.25(2)
62Zn 2p 6.7(5)
61Zn 2p1n 8.4(6)
61Cu 3p 57(4)
60Cu 3p1n 0.22(4)
59Cu 1$1p 1.8(3)
58Cu 1$1p1n 0.17(3)
60Ni 4p 1.8(2)
58Ni 1$2p 20(3)
56Ni 2$ 0.07(2)
57Co 1$3p %0.1
55Co 2$1p 0.02(1)

FIG. 1. Proposed partial level scheme of
62Ga. The energy labels are given in keV. The
widths of the arrows are proportional to the rela-
tive intensities of the " rays. Tentative transitions
are dashed. On the right hand side the yrast
0+ ,2+ ,4+, and 6+ states of 62Zn [16] are shown.

D. RUDOLPH et al. PHYSICAL REVIEW C 69, 034309 (2004)

034309-2

62Ge: Rudolph et al., Nucl. Phys. A752: 241c (2005)

62Ga: Rudolph et al., Phys. Rev. C69: 034309 (2004)
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TED, normalised to 2+ energy
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FIG. 2. Panel (a) shows the fractional deviation from the average
energy, defined as (E∗

2+ − ⟨E∗
2+ ⟩)/⟨E∗

2+ ⟩, where ⟨E∗
2+ ⟩ is the average

E∗
2+ calculated individually for each triplet. Panel (b) shows the

fractional TED, defined as the TED for the T = 1, 2+ states divided
by ⟨E∗

2+ ⟩ for that triplet. The shaded region covers the entire range
of the data not including A = 62 and is used later in the analysis.
The currently assigned datum for the A = 62 triplet is bracketed.
The data for the fpg shell, which are generally the most recent, can
be found in the following references: A = 42 [33], A = 46 [22,23],
A = 50 [24,25], A = 54 [7], A = 58 [26,27], A = 62 [18,32], A =
66 [28,29], A = 74 [30,31].

The consistent pattern of excitation energies among triplets
is seen also in the TED. This is highlighted in Fig. 2(b), which
shows the TED divided by the average energy of the three
T = 1 states in that triplet. A simple empirical observation is
that all the published data on TED lie in a narrow range, as
demonstrated by the shaded region. The exception is the A =
62 system, where the tentatively assigned T = 1, 2+ states in
62Ge and 62Ga, at 964 and 1017 keV, respectively, have been
used [18,32]. The stark difference in this case suggests that at
least one of the hitherto tentative assignments of the 62Ga or
62Ge T = 1, 2+ states may be wrong.

II. EXPERIMENTAL METHODS AND DATA ANALYSIS

In this paper, an experiment to identify the T = 1, 2+

state in 62Ga is reported using an alternative production
mechanism to previous studies: two-neutron (2n) knockout
from 64Ga. Previous studies of 2n knockout have typically
strongly populated low lying low-spin states [10,35–37].

However, during the analysis it was observed that a significant
fraction of the 64Ga secondary beam is in the low lying
42.9 keV T = 1, 2+ isomeric state, which will be discussed
later. The isomeric ratio is not measurable here; however,
we expect to see knockout from both the ground state and
the isomer. A two-nucleon knockout cross-section calculation
along the lines of Refs. [38,39] has been performed with
two-nucleon amplitudes calculated using NuShellX [40] in
a truncated-basis shell-model calculation. Excitation of up to
three protons and three neutrons outside of the f7/2 orbital
were allowed, using the GXPF1A interaction [41], and three
states of each J π were calculated.

Knockout cross sections were calculated from both the
ground state and the isomeric state of 64Ga. The knockout
strength is spread widely among ≈15 states below about
2 MeV in 62Ga. The limitations imposed by the truncation
means that a detailed numerical analysis of the cross sections
is not appropriate, but the calculations nevertheless suggest
that the T = 1, 2+ state in 62Ga should be directly populated
from both initial states of the beam. From the ground state of
64Ga, the direct population of the T = 1, 2+ state in 62Ga is
about 12% of the total, with all other strongly populated states
(>5%) having even J . For knockout from the isomeric state
of the beam, the population of the T = 1, 2+ state is larger, at
around 17%, with most of the other strongly populated states
having odd J .

The experiment was performed at the National
Superconducting Cyclotron Laboratory (NSCL) at Michigan
State University. A primary beam of 78Kr provided by the
Coupled Cyclotron Facility was accelerated to 150 A MeV and
fragmented on a 650 mg/cm2 9Be target to produce a cocktail
of secondary beams including 65Ge and 64Ga. Secondary
beam particles were identified on an event-by-event basis by
their time-of-flight (TOF) through the A1900 separator [42].
The A1900 was set such that 66As nuclei were at the center
of the momentum acceptance range. Secondary beams were
incident on a 96 mg/cm2 beryllium foil at the target position
of the S800 spectrograph [43]. Reaction products in the S800
were identified using TOF and energy loss detectors at the
S800 focal plane [44]. Positions in the S800 were measured
using two cathode readout drift chambers and used both to
determine position and angle at the target from trajectory
reconstruction, and to correct time-of-flight measurements for
flight path and momentum.

Gamma rays were detected using the Gamma-Ray Energy
Tracking In-Beam Nuclear Array (GRETINA [45]), which
consists of 28, coaxial, HPGe crystals. The crystals pack
tightly and cover ∼1π of the solid angle in the laboratory
frame. The outer contacts of each detector are segmented with
six longitudinal segments and six lateral segments. Signals
from all 36 segments and the core are digitized and signal
decomposition localizes the interaction points of γ rays with
subsegment resolution. Signal decomposition was performed
in real time during the experiment. In the offline analysis
all γ -ray interaction points associated with an event were
spatially clustered, and Compton-tracked to determine the
first interaction point and reject scattered γ rays which con-
tribute to the Compton background. γ -ray first-hit interaction
points, in combination with the path of particles through
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FIG. 4. (a) The populated levels and observed � rays in
62Ga, along with their e�ciency-corrected relative intensi-
ties, measured in the 2n-knockout spectrum, indicated by the
widths of the arrows. States, apart from the 977-keV state,
have been labeled with assignments from previous work [19].
The 977-keV state is labelled as (2+: T = 1) as it is con-
sidered here as a candidate for the T = 1, 2+ state. (b)
Shell model predictions of low lying T = 0 (right band) and
T = 1 (left band) states using ANTOINE [47] and the LNPS
interaction [48].

populated from the isomeric state in the beam. (ii) The
observed relatively strong population of the odd-spin
yrast states in 62Ga: the calculations indicate that the
most strongly populated states in 62Ga, populated di-
rectly from the 0+ ground state, have even spins and the
largest population of the odd spin yrast states comes
from knockout from the 2+ isomer. (iii) Population of
the 5+ state from the ground state is only possible via
removal of an f 7

2
neutron, which is expected to be weak.

Given that the 5+ appears to be one of the most strongly
populated states, this supports the presence of the iso-
mer in the beam.

In addition to known transitions, in both direct 2n
knockout from 64Ga and 1p2n knockout from 65Ge, a
977(2)-keV transition is observed which we consider here
as a candidate for the decay of the T = 1, 2+ state.
Fig. 3(c) and (d) show spectra measured in coincidence
with the 784(2)-keV and 977(2)-keV transitions. Panel
(c) of Fig. 3 shows that the transition at 784(2) keV is
in coincidence with the 571-keV transition from the 1+

to the ground state, suggesting a new state with an en-
ergy of 1355(2) keV. Given that the significantly smaller
peak at 784(2) keV has a clear coincidence, the lack
of coincident �-rays with the more intense 977(2)-keV
transition, see Fig. 3(d), implies it is decaying directly
to the ground state. We see no evidence of a 446-keV �-
ray as would be expected if the previously suggested [18]
T = 1, 2+ state at 1017 keV was populated.

Panels (a) and (b) of Fig. 3 have regions of interest
indicated, by the vertical lines, which are deduced from
the normalized TED data shown in Fig. 2(b). The re-
gions of interest show where the centroid of the decay

of the T = 1, 2+ state in 62Ga would lie assuming that
the TED lies in the same shaded region as all other
nuclei so-far observed (and of course assumes that the
assignment of the analog state in 62Ge is correct). The
higher-energy region applies to an E2 transition decay-
ing directly to the ground state and the lower energy
region corresponds to an isovector M1 transition to the
571 keV 1+ state. The only observed peak with a cen-
troid energy within (or even close to) these regions is
the 977(2)-keV transition which, based on these data
alone, would make it a strong candidate for the decay
of the T = 1, 2+ state.

In Fig. 4, the observed states are compared with shell-
model calculations performed in ANTOINE [47] using
the LNPS interaction [48] in the fp-space. The trun-
cation allows a total of five excitations from f 7

2
to the

higher-lying fp orbits. The shell model gives a reason-
able description of the observed states. We have used
this model to calculate the B(E2) and B(M1) for the
two possible decays of the 977-keV state (to the ground
state and 571-keV T = 0, 1+ state) under the assump-
tion of this being the T = 1, 2+ state. The calculations
predict that the transition from the T = 1, 2+ state will
be about 7 times stronger to the ground state than to
the T = 0, 1+ state if we assume the experimental ener-
gies presented here. This calculation is consistent with
that of Rudolph et al. in suggesting that the dominant
decay of the T = 1, 2+ state is expected to be to the
ground state and not to the T = 0, 1+ state. This decay
pattern is di↵erent from that found in odd-odd N = Z
nuclei in the f 7

2
shell, where strong isovector M1 transi-

tions have been observed to compete with the isoscalar
E2. This has been interpreted in a quasi-deuteron pic-
ture involving orbitals with j = l + 1

2 [49, 50]. In the
f 7

2
shell, wavefunctions are dominated by this single

j = l + 1
2 orbital, and hence strong isovector M1 tran-

sitions are observed. However, all the calculations pre-
sented here suggest that this simple picture does not
apply in the mixed valence space around 62Ga. In ad-
dition, Srivastava et al. [46] recently published shell-
model calculations in the full f 5

2
pg 9

2
model space for

62Ga and deformed shell-model calculations based on
Hartree-Fock intrinsic states in the same model space.
The spherical shell-model calculations show that the
T = 1, 2+ state E2 decay to the ground state is about
a factor of four stronger than the isovector M1 to the
T = 0, 1+ state, again using our experimental energies,
and the deformed calculations show that the E2 decay
completely dominates.

As noted earlier, David et al. [19] and Grodner et

al. [21] both identify a transition with the same energy
(within error) as the 977(2) keV peak observed here,
with David et al. making an assignment of 1+ based
on angular distribution. Here, we are not in a position
to measure the spin/parity of our observed transition
at 977(2) keV. However, the reactions presented in the
current work are likely to directly populate the T = 1,
2+ state, as well as other low-lying states, as shown by
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Table 7.4: Calculated relative cross sections for states in 62Ga. Calculations are presented for
knockout from both the ground state, �

g.s.

, and the isomer, �
iso

. The cross sections presented
are relative cross sections in units of percentage of the total strength in the relevant channel. The
T = 1 states are highlighted in yellow. See text for detail on the calculations.

Energy (keV) J ⇡ �rel

g.s.

�rel

iso

0 0 + 3.6 3.4
0.283 1 + 1.9 3.1
0.428 3 + 1.3 7.6
0.572 1 + 4.7 6.2
0.626 3 + 2.8 10.0
0.683 2 + 27.2 5.7
0.794 5 + 0.0 4.5
0.924 1 + 0.6 3.0
1.017 2 + 11.7 16.7
1.068 2 + 8.3 8.0
1.245 3 + 3.1 4.0
1.303 4 + 8.6 1.2
1.411 4 + 1.0 4.8
1.973 4 + 2.1 9.6
2.038 6 + 0.1 2.3
2.093 0 + 20.7 0.3
2.183 5 + 0.2 1.2
2.21 0 + 0.3 0.8
2.219 5 + 0.8 4.0
2.301 7 + 0.0 0.3
2.483 6 + 0.2 0.9
3.217 6 + 0.8 0.3
3.244 7 + 0.0 0.6
3.42 7 + 0.0 0.5
3.552 8 + 0.0 0.2
4.276 8 + 0.0 0.1
4.628 8 + 0.0 0.6

99

T. W. HENRY et al. PHYSICAL REVIEW C 92, 024315 (2015)

50

100

150

200

50

100

150

200

250

300

-2

0

2

4

6

0 200 400 600 800 1000
-2
-1
0
1
2
3
4

57
1

62
2

78
4 

(2
)

97
7 

(2
)

57
1

57
1

62
2

78
4 

(2
)

97
7 

(2
)

(a)

(b)

(c)

(d)

37
6

37
6

Energy (keV)

C
ou

nt
s 

/ 4
ke

V

FIG. 3. Panel (a) shows a Doppler-corrected γ -ray spectrum in
coincidence with 62Ga recoils populated by direct 2n knockout from
64Ga. The vertical lines show the expected positions of the E2 and
M1 decays from the T = 1, 2+ state based on the systematics shown
by the hashed area in Fig. 2(b) (see text for details). Panel (b) shows a
γ -ray spectrum of 62Ga created by 1p2n removal from 65Ge. Panels
(c) and (d) are from γ -γ coincidence analysis in the 1p2n channel:
panel (c) shows a (local-background-subtracted) spectrum of γ rays
in coincidence with the 784 keV peak, Panel (d) shows a (local-
background-subtracted) spectrum of γ rays in coincidence with the
977 keV peak. The peak at 784(2) keV is new to this work.

the S800, determined the angle for event-by-event Doppler
correction.

III. RESULTS AND DISCUSSION

In addition to the 2n knockout data, the 1p2n reaction
channel (from the 65Ge beam) was also present in the data and
was used in the analysis. As well as providing additional data,
this allowed for a γ -ray coincidence analysis by construction
of a two-dimensional γ -ray energy coincidence matrix. The
resulting γ -ray spectra from these two reactions are shown in
Figs. 3(a) and 3(b). Peak energies were assigned from fits, with
errors assigned from both the fits and the Doppler correction
used. β values used for the Doppler correction were ascertained
by iteratively Doppler reconstructing known peaks in the data
with different β values until they were at the correct energies

FIG. 4. (a) The populated levels and observed γ rays in 62Ga,
along with their efficiency-corrected relative intensities, measured in
the 2n-knockout spectrum, indicated by the widths of the arrows.
States, apart from the 977-keV state, have been labeled with
assignments from previous work [19]. The 977-keV state is labeled
as (2+: T = 1) as it is considered here as a candidate for the T = 1,
2+ state. (b) Shell-model predictions of low lying T = 0 (right band)
and T = 1 (left band) states using ANTOINE [47] and the LNPS
interaction [48].

and the peak width had been minimized. Assigned peaks in
Fig. 3 are labeled with literature values where known [17,18].

Three previously known transitions, which are ob-
served [17–19] to decay between, or into, the main low lying
odd-J yrast structure, are observed: the 571-keV transition
from the 1+ to the 0+ ground state, the 376-keV transition
from the 5+ at 1193 keV to the 3+ at 817 keV, and the 622-keV
transition that also feeds the 3+ state. The 3+ state itself has a
half-life that was previously measured to be 3.4 ns, so with the
beam velocity of β = 0.296 it is not expected that the transition
between the 3+ and 1+ states will be easily observable. This
lifetime corresponds to γ decay occurring on average around
0.5 m outside the target, and the angles relevant for the Doppler
correction cannot be determined.

The transition assigned as the 376-keV transition between
the 5+ and 3+ states has a wide peak shape and is shifted
to a lower energy, which would be the expected behavior of
a transition from a state with a half-life of a few hundred
picoseconds. The low γ -ray energy of this E2 transition
is indeed expected to result in the state being long lived—
shell-model predictions by Rudolph et al. [18] and Srivastava
et al. [46] both predict half-lives of around 350 ps. The
transitions observed in this experiment are shown in Fig. 4(a).
The 246 keV transition is given a minimum intensity in this
figure as it is not observed due to the lifetime of the 3+ state,
and it is assumed that all the structure at around 360 keV in
Fig. 3(a) indeed corresponds to the 376-keV transition. A new
transition with an energy of 784(2) keV is also observed in
both spectra.

The analysis has shown strong evidence that a significant
fraction of the 64Ga beam is in the low lying 43 keV 2+

22 µ s isomeric state rather than the 0+ ground state (both
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FIG. 3. Panel (a) shows a Doppler-corrected γ -ray spectrum in
coincidence with 62Ga recoils populated by direct 2n knockout from
64Ga. The vertical lines show the expected positions of the E2 and
M1 decays from the T = 1, 2+ state based on the systematics shown
by the hashed area in Fig. 2(b) (see text for details). Panel (b) shows a
γ -ray spectrum of 62Ga created by 1p2n removal from 65Ge. Panels
(c) and (d) are from γ -γ coincidence analysis in the 1p2n channel:
panel (c) shows a (local-background-subtracted) spectrum of γ rays
in coincidence with the 784 keV peak, Panel (d) shows a (local-
background-subtracted) spectrum of γ rays in coincidence with the
977 keV peak. The peak at 784(2) keV is new to this work.

the S800, determined the angle for event-by-event Doppler
correction.

III. RESULTS AND DISCUSSION

In addition to the 2n knockout data, the 1p2n reaction
channel (from the 65Ge beam) was also present in the data and
was used in the analysis. As well as providing additional data,
this allowed for a γ -ray coincidence analysis by construction
of a two-dimensional γ -ray energy coincidence matrix. The
resulting γ -ray spectra from these two reactions are shown in
Figs. 3(a) and 3(b). Peak energies were assigned from fits, with
errors assigned from both the fits and the Doppler correction
used. β values used for the Doppler correction were ascertained
by iteratively Doppler reconstructing known peaks in the data
with different β values until they were at the correct energies

FIG. 4. (a) The populated levels and observed γ rays in 62Ga,
along with their efficiency-corrected relative intensities, measured in
the 2n-knockout spectrum, indicated by the widths of the arrows.
States, apart from the 977-keV state, have been labeled with
assignments from previous work [19]. The 977-keV state is labeled
as (2+: T = 1) as it is considered here as a candidate for the T = 1,
2+ state. (b) Shell-model predictions of low lying T = 0 (right band)
and T = 1 (left band) states using ANTOINE [47] and the LNPS
interaction [48].

and the peak width had been minimized. Assigned peaks in
Fig. 3 are labeled with literature values where known [17,18].

Three previously known transitions, which are ob-
served [17–19] to decay between, or into, the main low lying
odd-J yrast structure, are observed: the 571-keV transition
from the 1+ to the 0+ ground state, the 376-keV transition
from the 5+ at 1193 keV to the 3+ at 817 keV, and the 622-keV
transition that also feeds the 3+ state. The 3+ state itself has a
half-life that was previously measured to be 3.4 ns, so with the
beam velocity of β = 0.296 it is not expected that the transition
between the 3+ and 1+ states will be easily observable. This
lifetime corresponds to γ decay occurring on average around
0.5 m outside the target, and the angles relevant for the Doppler
correction cannot be determined.

The transition assigned as the 376-keV transition between
the 5+ and 3+ states has a wide peak shape and is shifted
to a lower energy, which would be the expected behavior of
a transition from a state with a half-life of a few hundred
picoseconds. The low γ -ray energy of this E2 transition
is indeed expected to result in the state being long lived—
shell-model predictions by Rudolph et al. [18] and Srivastava
et al. [46] both predict half-lives of around 350 ps. The
transitions observed in this experiment are shown in Fig. 4(a).
The 246 keV transition is given a minimum intensity in this
figure as it is not observed due to the lifetime of the 3+ state,
and it is assumed that all the structure at around 360 keV in
Fig. 3(a) indeed corresponds to the 376-keV transition. A new
transition with an energy of 784(2) keV is also observed in
both spectra.

The analysis has shown strong evidence that a significant
fraction of the 64Ga beam is in the low lying 43 keV 2+

22 µ s isomeric state rather than the 0+ ground state (both
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FIG. 3. Panel (a) shows a Doppler-corrected γ -ray spectrum in
coincidence with 62Ga recoils populated by direct 2n knockout from
64Ga. The vertical lines show the expected positions of the E2 and
M1 decays from the T = 1, 2+ state based on the systematics shown
by the hashed area in Fig. 2(b) (see text for details). Panel (b) shows a
γ -ray spectrum of 62Ga created by 1p2n removal from 65Ge. Panels
(c) and (d) are from γ -γ coincidence analysis in the 1p2n channel:
panel (c) shows a (local-background-subtracted) spectrum of γ rays
in coincidence with the 784 keV peak, Panel (d) shows a (local-
background-subtracted) spectrum of γ rays in coincidence with the
977 keV peak. The peak at 784(2) keV is new to this work.

the S800, determined the angle for event-by-event Doppler
correction.

III. RESULTS AND DISCUSSION

In addition to the 2n knockout data, the 1p2n reaction
channel (from the 65Ge beam) was also present in the data and
was used in the analysis. As well as providing additional data,
this allowed for a γ -ray coincidence analysis by construction
of a two-dimensional γ -ray energy coincidence matrix. The
resulting γ -ray spectra from these two reactions are shown in
Figs. 3(a) and 3(b). Peak energies were assigned from fits, with
errors assigned from both the fits and the Doppler correction
used. β values used for the Doppler correction were ascertained
by iteratively Doppler reconstructing known peaks in the data
with different β values until they were at the correct energies

FIG. 4. (a) The populated levels and observed γ rays in 62Ga,
along with their efficiency-corrected relative intensities, measured in
the 2n-knockout spectrum, indicated by the widths of the arrows.
States, apart from the 977-keV state, have been labeled with
assignments from previous work [19]. The 977-keV state is labeled
as (2+: T = 1) as it is considered here as a candidate for the T = 1,
2+ state. (b) Shell-model predictions of low lying T = 0 (right band)
and T = 1 (left band) states using ANTOINE [47] and the LNPS
interaction [48].

and the peak width had been minimized. Assigned peaks in
Fig. 3 are labeled with literature values where known [17,18].

Three previously known transitions, which are ob-
served [17–19] to decay between, or into, the main low lying
odd-J yrast structure, are observed: the 571-keV transition
from the 1+ to the 0+ ground state, the 376-keV transition
from the 5+ at 1193 keV to the 3+ at 817 keV, and the 622-keV
transition that also feeds the 3+ state. The 3+ state itself has a
half-life that was previously measured to be 3.4 ns, so with the
beam velocity of β = 0.296 it is not expected that the transition
between the 3+ and 1+ states will be easily observable. This
lifetime corresponds to γ decay occurring on average around
0.5 m outside the target, and the angles relevant for the Doppler
correction cannot be determined.

The transition assigned as the 376-keV transition between
the 5+ and 3+ states has a wide peak shape and is shifted
to a lower energy, which would be the expected behavior of
a transition from a state with a half-life of a few hundred
picoseconds. The low γ -ray energy of this E2 transition
is indeed expected to result in the state being long lived—
shell-model predictions by Rudolph et al. [18] and Srivastava
et al. [46] both predict half-lives of around 350 ps. The
transitions observed in this experiment are shown in Fig. 4(a).
The 246 keV transition is given a minimum intensity in this
figure as it is not observed due to the lifetime of the 3+ state,
and it is assumed that all the structure at around 360 keV in
Fig. 3(a) indeed corresponds to the 376-keV transition. A new
transition with an energy of 784(2) keV is also observed in
both spectra.

The analysis has shown strong evidence that a significant
fraction of the 64Ga beam is in the low lying 43 keV 2+

22 µ s isomeric state rather than the 0+ ground state (both
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FIG. 2. Panel (a) shows the fractional deviation from the average
energy, defined as (E∗

2+ − ⟨E∗
2+ ⟩)/⟨E∗

2+ ⟩, where ⟨E∗
2+ ⟩ is the average

E∗
2+ calculated individually for each triplet. Panel (b) shows the

fractional TED, defined as the TED for the T = 1, 2+ states divided
by ⟨E∗

2+ ⟩ for that triplet. The shaded region covers the entire range
of the data not including A = 62 and is used later in the analysis.
The currently assigned datum for the A = 62 triplet is bracketed.
The data for the fpg shell, which are generally the most recent, can
be found in the following references: A = 42 [33], A = 46 [22,23],
A = 50 [24,25], A = 54 [7], A = 58 [26,27], A = 62 [18,32], A =
66 [28,29], A = 74 [30,31].

The consistent pattern of excitation energies among triplets
is seen also in the TED. This is highlighted in Fig. 2(b), which
shows the TED divided by the average energy of the three
T = 1 states in that triplet. A simple empirical observation is
that all the published data on TED lie in a narrow range, as
demonstrated by the shaded region. The exception is the A =
62 system, where the tentatively assigned T = 1, 2+ states in
62Ge and 62Ga, at 964 and 1017 keV, respectively, have been
used [18,32]. The stark difference in this case suggests that at
least one of the hitherto tentative assignments of the 62Ga or
62Ge T = 1, 2+ states may be wrong.

II. EXPERIMENTAL METHODS AND DATA ANALYSIS

In this paper, an experiment to identify the T = 1, 2+

state in 62Ga is reported using an alternative production
mechanism to previous studies: two-neutron (2n) knockout
from 64Ga. Previous studies of 2n knockout have typically
strongly populated low lying low-spin states [10,35–37].

However, during the analysis it was observed that a significant
fraction of the 64Ga secondary beam is in the low lying
42.9 keV T = 1, 2+ isomeric state, which will be discussed
later. The isomeric ratio is not measurable here; however,
we expect to see knockout from both the ground state and
the isomer. A two-nucleon knockout cross-section calculation
along the lines of Refs. [38,39] has been performed with
two-nucleon amplitudes calculated using NuShellX [40] in
a truncated-basis shell-model calculation. Excitation of up to
three protons and three neutrons outside of the f7/2 orbital
were allowed, using the GXPF1A interaction [41], and three
states of each J π were calculated.

Knockout cross sections were calculated from both the
ground state and the isomeric state of 64Ga. The knockout
strength is spread widely among ≈15 states below about
2 MeV in 62Ga. The limitations imposed by the truncation
means that a detailed numerical analysis of the cross sections
is not appropriate, but the calculations nevertheless suggest
that the T = 1, 2+ state in 62Ga should be directly populated
from both initial states of the beam. From the ground state of
64Ga, the direct population of the T = 1, 2+ state in 62Ga is
about 12% of the total, with all other strongly populated states
(>5%) having even J . For knockout from the isomeric state
of the beam, the population of the T = 1, 2+ state is larger, at
around 17%, with most of the other strongly populated states
having odd J .

The experiment was performed at the National
Superconducting Cyclotron Laboratory (NSCL) at Michigan
State University. A primary beam of 78Kr provided by the
Coupled Cyclotron Facility was accelerated to 150 A MeV and
fragmented on a 650 mg/cm2 9Be target to produce a cocktail
of secondary beams including 65Ge and 64Ga. Secondary
beam particles were identified on an event-by-event basis by
their time-of-flight (TOF) through the A1900 separator [42].
The A1900 was set such that 66As nuclei were at the center
of the momentum acceptance range. Secondary beams were
incident on a 96 mg/cm2 beryllium foil at the target position
of the S800 spectrograph [43]. Reaction products in the S800
were identified using TOF and energy loss detectors at the
S800 focal plane [44]. Positions in the S800 were measured
using two cathode readout drift chambers and used both to
determine position and angle at the target from trajectory
reconstruction, and to correct time-of-flight measurements for
flight path and momentum.

Gamma rays were detected using the Gamma-Ray Energy
Tracking In-Beam Nuclear Array (GRETINA [45]), which
consists of 28, coaxial, HPGe crystals. The crystals pack
tightly and cover ∼1π of the solid angle in the laboratory
frame. The outer contacts of each detector are segmented with
six longitudinal segments and six lateral segments. Signals
from all 36 segments and the core are digitized and signal
decomposition localizes the interaction points of γ rays with
subsegment resolution. Signal decomposition was performed
in real time during the experiment. In the offline analysis
all γ -ray interaction points associated with an event were
spatially clustered, and Compton-tracked to determine the
first interaction point and reject scattered γ rays which con-
tribute to the Compton background. γ -ray first-hit interaction
points, in combination with the path of particles through
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Spectroscopy of T=1 mirrors using 1N knockout

as knockout and Coulomb excitation. For higher-spin
states, the traditional method is the heavy-ion fusion
evaporation. While some progress has been made in using
fusion reactions with ISOL beams (e.g., Ref. [10]), high-
spin studies far from stability remain exceptionally
challenging.
However, radioactive nuclei can be created in high-spin

isomeric states in fragmentation reactions at relativistic
energies (e.g., Ref. [11]). A highly effective method,
recently extensively employed, is to identify exotic frag-
ments inflight, implant them post separation, and perform
γ-ray spectroscopy of decays below the isomeric states
(e.g., Refs. [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.,
Ref. [14]) and there have been some pioneering experi-
ments to perform, 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 inflight approach—namely, a
knockout reaction on an isomeric beam—a method that has
the capability of creating nuclei further from stability, 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 populate states up to Jπ ¼
11þ in 52Co. The direct nature of the reaction results in
selective population of high-spin states. We show that when
coupled to a reliable reaction-model calculation, this yields
a highly sensitive method for high-spin in-beam spectros-
copy of exotic nuclei.
The experiment was performed at the National

Superconducting Cyclotron Laboratory at Michigan State
University, where a secondary beam of 53Co (Tz ¼ −1=2)
was produced via the fragmentation of a 160 MeV=nucleon

58Ni primary beam impinging upon a thick 9Be primary
target. The resulting fragments were then separated by the
A1900 fragment separator [17,18] and identified 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]. Inflight γ rays from the
knockout reaction residues were recorded by the
Segmented Germanium Array (SeGA) detectors [21],
positioned in two rings at 37° and 90°, with respect to
the beam axis. Unique particle identification was achieved
through measuring the energy loss in the S800 ionization
chamber and the time-of-flight through the spectrograph.
Existing information on the structure of 52Co comes

from the β- and β-delayed–proton decay of 52Ni [22–25]. A
number of high-lying (presumed 1þ) proton decaying states
have been established [25] as well as three states of Jπ ¼
0þ; 1þ; 2þ connected by gamma decays [22,25]—left side
of Fig. 1(a). The 0þ state is the IAS of the T ¼ 2 ground
state of 52Ni. The excitation energies are unknown, even
though the absolute binding energies have been measured
through the proton decay of the 0þ state [25]. The 2þ state
is expected to be isomeric, like its analogue in 52Mn
(T1

2
¼ 21.1 minutes [26]) which decays predominately

via β decay [27]. Recently, the beta decay of the 2þ isomer
in 52Co has been observed [24], with a half-life of
102(6) ms.
The γ-ray spectrum for 52Co from the current work is

presented in Fig. 2(a), where a significant number of new
transitions can be observed. The level scheme, resulting
from the following analysis, is shown in Fig. 1(a).
The high-spin cascade in 52Co and placement of the

corresponding γ-ray transitions (from 10þ; 11þ → 6þ)—
Fig. 1(a)—were established experimentally using a γ-γ
coincidence analysis, γ-ray intensity arguments, and energy
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FIG. 1. (a) The scheme for 52Co, deduced from this work (solid lines and solid arrows). The arrow widths are proportional to the
relative intensities of γ rays observed. The dashed lines and hollow arrows are taken from previous work [25]. (b) The decay scheme [23]
for 52Mn, where the lowest-energy state of each spin is shown. The numbers in square parentheses are measured relative branching ratios
(normalised to 100) where there is more than one γ decay from a state.
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One-neutron knockout reactions have been performed on a beam of radioactive 53Co in a high-spin
isomeric state. The analysis is shown to yield a highly selective population of high-spin states in an exotic
nucleus with a significant cross section, and hence represents a technique that is applicable to the planned
new generation of fragmentation-based radioactive beam facilities. Additionally, the relative cross sections
among the excited states can be predicted to a high level of accuracy when reliable shell-model input is
available. The work has resulted in a new level scheme, up to the 11þ band-termination state, of the proton-
rich nucleus 52Co (Z ¼ 27, N ¼ 25). This has in turn enabled a study of mirror energy differences in
the A ¼ 52 odd-odd mirror nuclei, interpreted in terms of isospin-nonconserving (INC) forces in nuclei.
The analysis demonstrates the importance of using a full set of J-dependent INC terms to explain the
experimental observations.

DOI: 10.1103/PhysRevLett.117.082502

Isospin symmetry arises from the near identical nature of
the strong nuclear interaction regardless of which nucleons
are involved (e.g., Ref. [1]). Under this assumption, and in
the absence of electromagnetic effects, the proton and
neutron can be considered as two states of the same
particle, the nucleon. Heisenberg [2] assigned an isospin
quantum number, t ¼ 1

2 for a nucleon, with projection
tz ¼ − 1

2 ðþ
1
2Þ for the proton(neutron), respectively. For

nuclei, therefore, we expect to find isobaric analogue states
(IASs), of a given isospin T, in a set of nuclei with Tz
[¼ ðN − ZÞ=2] ¼ −T → þT. In the absence of isospin-
breaking terms (such as the electromagnetic interaction),
these IASs would be identical and degenerate. In reality,
any isospin-breaking interactions will lift this degeneracy,
and hence the differences in behavior between IASs yields
direct information on these interactions. Given that the
Coulomb interaction is well understood, this has the
potential to shed light on how isospin-breaking effects
of nuclear origin manifest in nuclei, which is the long-
term goal of this study. Mirror energy differences (MED),
defined as MEDα ¼ E%

α;T;Tz¼−1 − E%
α;T;Tz¼þ1, where α

denotes a state label and E% is excitation energy, can yield

important information on two-body interactions of the form
Vpp − Vnn that must be used in conjunction with the
Coulomb interaction to provide a good theoretical descrip-
tion—see for example Refs. [3–7]. These studies have
raised fundamental questions about the influence of iso-
vector interactions in nuclear structure. In this Letter, we
present a new high-spin study of the odd-odd nucleus 52Co
(Z ¼ 27), the proton-rich member of the T ¼ 1 mirror pair
52Co=52Mn, using a novel technique to access high-spin
states in this exotic system.
A wider goal of contemporary nuclear physics is to

evaluate, through spectroscopy, fundamental nuclear prop-
erties at the limits of nuclear existence through studies such
as this. Rare-isotope facilities are now at the forefront,
creating beams of radioactive nuclei through isotope-
separation and post-acceleration techniques (ISOL—e.g.,
Ref. [8]) or using inflight separation of exotic nuclei
created following relativistic fragmentation reactions
(e.g., Ref. [9]). For the most exotic nuclei, the information
accessed tends to be restricted to the ground state, or
excited states of relatively low spin, through mass mea-
surements, decay spectroscopy, and in-beam reactions such
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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)

Theory C.S 
(from isomer)

Expt C.S  
(assumes 40% 
isomer ratio)

• Isomeric ratio: ~27% 
(from theory vs expt 
branching)

S.A.Milne et al PRL117 082502 (2016) 

0 1 2 3 4
Energy (MeV)

0

10

20

30
(b) Experiment

0

10

20

30

R
el

at
iv

e 
cr

os
s 

se
ct

io
n 

(%
) (a) TheoryKnockout from Ground

Knockout from Isomer
Knockout from Ground/Isomer

6+

2+

1+

4+

3+

7+

6+

5+

8+ 9+
11+

(6+)
(4+)

831 keV State
(7+) (5+)

(8+) (9+)
(11+)

(10+)

10+

2

2



With special thanks to… 
Scott Milne (NSCL and Agata-GSI analysis) - York 
Alberto Boso (Agata-GSI  analysis) - Padova 
Tom Henry (62Ga) - York 

NSCL team in Michigan, PRESPEC@GSI team and AGATA collaboration

Collaborators: 

AGATA@GSI: F.Recchia, S.M.Lenzi, T.W.Henry, L.Scruton S.Afara, F.Ameil, 
T.Arici, S.Aydin, P.Boutachkov, A.Bruce, M.L.Cortes, C.Fahlander, J.Gerl, 
P.Golubev, M.Gorska, A.Gottardo, L.Grassi, T.Habermann, I.Kojouharov, 
N.Lalovic, M.Lettmann, C.Lizarazo, C.Louchart- Henning, D.Mengoni, 
V.Modamio, T.Moeller, D.Napoli, R.M.Perezvidal, N.Pietralla, S. Pietri, D.Ralet, 
M.Reese, D.Rudolph, L.Sarmiento, H.Schaffner, N.Singh, P.P.Singh, C.Stahl, 
G.Tuomas, J.Valiente + PRESPEC@GSI team 

Thanks

NSCL: R.M.Clark, E.C.Simpson, P.Dodsworth, T.Baugher, D.Bazin, 
C.W.Beausang, J.S.Berryman, A.M.Bruce, C.M.Campbell, H.L.Crawford, 
M.Cromaz, P.J.Davies, C.Aa.Diget, P.Fallon, A.Gade, J.Henderson, H. Iwasaki, 
D.G.Jenkins, I.Y.Lee, A.O.Macchiavelli, A.Lemasson, S.M.Lenzi, S.McDaniel, 
D.R.Napoli, A.J.Nichols, S.Paschalis, M.Petri, F.Recchia, A.Ratkiewicz, 
J.Rissanen, L.Scruton, S.R.Stroberg, J.A.Tostevin, R.Wadsworth, C.Walz, 
D.Weisshaar, A.Wiens, K.Wimmer and R. Winkler 

Lifetime and Coulex Measurements performed 
across the T=1 A=46 Triplet of Nuclei 

Scott Alexander Milne, sam519@york.ac.uk 
(and Alberto Boso, alberto.boso@pd.infn.it) 

 

IOP Conference 2015 

Lifetime and Coulex Measurements performed 
across the T=1 A=46 Triplet of Nuclei 

Scott Alexander Milne, sam519@york.ac.uk 
(and Alberto Boso, alberto.boso@pd.infn.it) 

 

IOP Conference 2015 


