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• Isospin Symmetry-breaking 
corrections 

• Strong J-dependent terms 
• Consistent with NN scattering data 
• np interaction ~ 2-3% stronger than 

nn or pp.

T=1 Triplet Energy Differences
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In the current work, we seek to extract best-fit values of V j
B, and so a modified approach

is necessary. We determine the theoretical MED for a given state, ↵ – an analogue state in

the two mirror nuclei – using

MEDth(↵) = �MCr(↵) +�MVll+Vls
(↵) +

jmaxX

j=0

�cj(↵)V (1),j (1)

MED(↵) = E⇤
J,T,�Tz

� E⇤
J,T,Tz

(2)

V (1),j = V j
pp � V j

nn = V (1),j
C + V (1),j

B (3)

TED(↵) = E⇤
J,T,Tz=�1 + E⇤

J,T,Tz=+1 � 2E⇤
J,T,Tz=0 (4)

TEDth(↵) =
j=jmaxX

j=0

�cj(↵)V (2),j (5)

V (2),j =
V j
pp + V j

nn

2
� V (2),j

np = V (2),j
C + V (2),j

B (6)
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Isoscalar   +   isovector

The exchange symmetry between the proton and
the neutron is one of the most fundamental symme-
tries in modern physics, rooted in the near charge-
symmetry and charge-independence of the nuclear
force [1]. The concept led Heisenberg [2] to intro-
duce the isospin quantum number (T ) which can
be assigned to any nuclear state such that, in the
absence of charge-dependent forces, there will be an
identical analogue state of the same isospin T in all
isobars Tz (= (N � Z)/2) in the range +T to �T .

In general, any interactions that depend on
charge (the strongest of which is the electromag-
netic interaction) are su�ciently weak that they do
not disturb the symmetry of the underlying wave
functions of these isobaric analogue states (IAS).
Hence the assumption of identical wave functions
among a set of IAS is usually considered to be safe.
Much work has been undertaken recently studying
di↵erences in energy between excited states of mir-
ror nuclei and T = 1 triplets (IAS with T = 1 in
the three nuclei with Tz = 0,±1) – see, for exam-
ple, references [3–8]. In these analyses, symmetry
of the underlying wave functions is assumed and
so the di↵erences in excitation energy were inter-
preted in terms of nuclear structure phenomena. In
a shell-model analysis, it is found that additional
isospin non-conserving interactions (INC), beyond
the usual two-body Coulomb force, were required
to account for the data, e.g. [3, 6]. In the case
of T = 1 triplets, the INC interactions required
are consistently large, and it is speculated that the
charge dependence of the nuclear interaction itself
plays a significant role [9, 10]. This analysis of INC
forces, however, does not yield any information on
the purity of the isospin quantum number or devia-
tions from the presumed identicality of the analogue
wavefunctions.

Isospin mixing can, however, be studied through
testing predictions that rely on the isospin purity of
a set of analogue states. The established method is
the isobaric multiplet mass equation (IMME). The
IMME predicts that the total binding energy in a
multiplet should be a quadratic in Tz for a set of
identical analogue states of pure isospin T in the
presence of a two-body interaction with isoscalar,
isovector and isotensor components. The IMME
has been tested many times through high-precision
mass measurements and, whilst there are a small

⇤Corresponding author
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Figure 1: Gamma-ray spectra for 46Ti and 46Cr produced
using relativistic Coulomb excitation. Incoming and outgo-
ing ions, time and scattering angle cuts are applied – see text
for details

number of notable deviations, the rule holds well –
see, for example, Lam et al. [11] for a comprehensive
review. Similar rules appear for electromagnetic
transition strengths under the same assumptions as
above for the IMME – see reference [12] for details.
The isospin dependence of the proton matrix ele-
ment for a set of T ! T analogue electromagnetic
transitions has a simple form, and for the analogue
states of a T = 1 triplet may be written [13]

Mp(Tz) =
1

2
[M0 � TzM

Tz=1
1 ] (1)

where M0 and MTZ=1
1 are the isoscalar matrix ele-

ment and isovector matrix element (for the Tz =
1 nucleus) respectively. Thus, in the limit of
pure isospin, the analogue proton matrix elements
should be exactly linear with Tz. This rule is dif-
ficult to test precisely, due to the inherent inaccu-
racies in measuring transition strengths in proton-
rich nuclei. The most straightforward way to test
this rule is through the study of a T = 1 triplet
of nuclei and measurement of the analogue B(E2)
strengths between the T = 1, 0+ ground state and
the T = 1, 2+ first excited state - in which case
B(E2)(Tz, 0+ ! 2+) = (Mp(Tz))2. Indeed, there
is the potential for isospin mixing in the odd-odd
N = Z system due to the close proximity of the
T = 1 and T = 0 states. Prados-Estevez et al. [14]
performed a compilation of such B(E2) strengths
for all T = 1 triplets for 22  A  42 and found, in
general, good agreement with the rule within the
error limits. There were some exceptions – most
notably A = 38 [14] where deviation from linear-
ity was indicated. However, for many of the cases
shown, the error bars were too large to test lin-
earity. Moreover, in general, the measurements for
each triplet have come from di↵erent experiments,

2

J π = 2+ → 0+,    T =1

Prados Estavez et al, PRC 75 014309 

Systematics of B(E2)s in Isobaric Triplets

Prados Estavez et al., 
PRC75, 014309 
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Proton matrix 
element for isospin 

triplets:



B(E2)s in odd-odd members of isobaric triplets
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Fig. 4. E2 transition matrix elements decomposed into isoscalar and isovector com-
ponents for a range of odd–odd (T = 1) nuclei. Isoscalar components are shown by 
black circles while isovector components are shown by red triangles. The isoscalar 
components of the matrix elements in the T = 1 triplets appear to dominate over 
the isovector components, which remain small and apparently flat within uncer-
tainty. In addition, the M0 appear to follow quite closely the matrix elements 
derived from even–even (T = 0) N = Z nuclei, shown by the solid line. Data are 
from [4,11–13,23,41–53] and references therein.

tainty includes systematic effects similar to those in 74Kr, and in 
addition includes a 6% contribution deduced from the difference 
between the two fits to the 74Kr data to account for possible feed-
ing. Assuming a lifetime for the 4+ state similar to that in 74Kr and 
including feeding in the simulations changes the lifetime by about 
1 ps, which indicates that this is a reasonable estimate of the un-
certainty from feeding from this state. An attempt was made to fit 
the 4+

1 lifetime using the technique of Ref. [39 ], but the statistics 
are too low to achieve a reliable result. There is no evidence of de-
cay from the Jπ = 3+, T = 0 state at 1005.4(3) keV, which would 
feed the 2+

1 state via a 527.6(2)-keV γ ray [20]. Including simula-
tions for decay from this state to the 2+

1 state with lifetimes in the 
range 0–30 ps had no effect on the measured 2+

1 -state lifetime.

5. Discussion

From the lifetime, the reduced transition probability for the de-
cay of the 2+

1 state of 74Rb can be calculated to be B(E2; 2+
1 →

0+
1 ) = 1.2(3) ×103 e2 fm4. Although the uncertainty is large due to 

the low statistics in the 74Rb data, this value is comparable to that 
measured here for the analogue transition in 74Kr, B(E2; 2+

1 →
0+

1 ) = 1.3(1) × 103 e2 fm4. This behavior is expected for transi-
tion properties among isobaric analogue states, as the structure of 
the states involved should be essentially equivalent under the as-
sumption of isospin symmetry.

As mentioned in the introduction, the lowest-lying states in 
74Rb have been identified as members of the isospin T = 1 triplet 
in the A = 74 system. With the determination of the B(E2; 2+

1 →
0+

1 ) strength in 74Rb and 74Kr, it is possible to decompose the tran-
sition matrix elements for the A = 74, T = 1 states into isoscalar 
and isovector components, M0 and M1 respectively [22]. The rele-
vant relation given in Ref. [22] can be written

1
2
(M0 − T z M1) =

√
(2 J i + 1)B(E2; J i → J f ). (5)

Based on Eq. (5), the B(E2) from 74Rb (T z = 0) gives M0 =
2
√

5B(E2; 74Rb) = 160(20) e fm2. Then one can calculate the 
isovector contribution from M1 = M0 − 2

√
5B(E2; 74Kr) =

−10(20) e fm2. Notably, the isoscalar component of the matrix el-
ement dominates the transition strength, while the isovector part 
is consistent with zero.

The systematic behavior of the isoscalar and isovector contri-
butions to the transition matrix elements is shown in Fig. 4 for a 
wide range of nuclei along the N = Z line. For the T = 1 triplets, 

the isoscalar and isovector components of the matrix elements are 
plotted as black circles and red triangles, respectively. Although 
only three measurements are available for nuclei beyond mass 
A = 42, the isoscalar components of the matrix elements display 
a marked increase in the nuclei above the sd shell, in keeping 
with the observed increase in collectivity in this region. Notably, 
the isoscalar components of the matrix elements in the odd–odd 
nuclei follow very closely the evolution of the matrix elements de-
rived from even–even N = Z nuclei, shown by the solid line and 
error band in Fig. 4, which suggests that the collectivity in the 
T = 0 and T = 1 states has a common origin. This observation 
mirrors the findings of Ref. [54] based on an analysis of the energy 
systematics of N = Z nuclei, in which it is found that T = 1 pairing 
is primarily responsible for collective excitations while T = 0 pair-
ing results in single-particle characteristics. Further, the authors 
of that work propose that the ground states of even–even nuclei 
and the T = 1 states of neighboring odd–odd nuclei are both built 
on T = 1 coupling of nucleon pairs and thus have essentially the 
same correlation properties. The near identity of M0 in neighbor-
ing species in Fig. 4 supports this interpretation.

In contrast to the isoscalar components of the matrix elements 
shown in Fig. 4, the isovector components show essentially no cor-
relation with mass number. Furthermore, the isoscalar components 
of the matrix elements account for almost the entire transition 
strength, while the isovector components are consistent with zero. 
This suggests that the dominance of the isoscalar matrix elements 
in sd-shell nuclei may be a general property of nuclei on the N = Z
line, with no enhancement of the M1 components up to A = 74. 
Specifically for A = 74, the fact that M1 is consistent with zero 
serves as an indirect indicator of shape coexistence in 74Rb. As 
mentioned in the introduction, the analogue of the 0+

2 state that 
mixes with the ground state in 74Kr has not been seen in 74Rb, 
which makes direct determination of shape coexistence in this 
nucleus difficult. The small M1 value indicates that there is no sig-
nificant evolution between the T z = 1 and T z = 0 members of the 
A = 74 multiplet, such that 74Rb and 74Kr should exhibit the same 
degree of shape coexistence.

Finally, theoretical calculations continue to make progress in 
our understanding of this region, although they remain challeng-
ing [17,55]. The only theoretical prediction of the B(E2) in 74Rb 
of which the authors are aware is Ref. [56], in which shell model 
calculations of N = Z nuclei between A = 68–76 have been per-
formed. Although the authors of that study note that their cal-
culated transition rates are too small due to truncations on their 
model space, they predict a rapid increase in collectivity starting 
at A = 72. They attribute this to occupation of the g9 /2d5/2 or-
bitals, which drives a shape phase-transition between nuclei with 
A ≤ 70 and A > 70. This predicted increase in collectivity is qual-
itatively in agreement with the trend observed in Fig. 4, and the 
overall trend in the predicted B(E2) values matches the experi-
mental data.

In summary, the lifetime of the 2+
1 state in the odd–odd N = Z

nucleus 74Rb has been measured. This was accomplished by us-
ing the Differential Recoil Distance Doppler-Shift method for the 
first time, demonstrating that it can be a valuable technique for 
measuring excited state lifetimes of exotic nuclei. The resulting 
B(E2; 2+

1 → 0+
1 ) in 74Rb is consistent with that found between the 

isobaric analogue states in 74Kr, as expected from isospin symme-
try. Furthermore, the systematic dominance of the isoscalar over 
the isovector component of the transition matrix elements in nu-
clei beyond the sd shell is made clear and indicates that this may 
be a general trend. Finally, the B(E2) value determined in this 
work suggests that 74Rb may exhibit shape coexistence similar to 
74Kr, and merits further experiments in this regard.

200 C. Morse et al. / Physics Letters B 787 (2018) 198–203

excess of counts in the slow peak. It is possible to account for this 
effect by replacing Is in Eq. (4) with Is − ∑

h bh Ih
s , where Ih

s is 
the slow component of the feeding state and bh is the branching 
fraction from the feeding state to the state of interest. However, 
if the lifetime of the feeding state is short compared to the flight 
time between the target and first degrader, Ih

s approaches zero and 
the feeding does not affect the lifetime of interest. Because the 
DRDDS method does not make reference to the fast-peak popu-
lation I f , it is possible to choose the distance between the target 
and first degrader such that the feeding states have all decayed be-
fore reaching the first degrader. In this way, the fast peak serves as 
a buffer which isolates the reduced-velocity and slow peaks from 
the effects of feeding and reduces the sensitivity of the method to 
systematic uncertainties.

3. Experiment

The experiment was carried out at the National Superconduct-
ing Cyclotron Laboratory at Michigan State University. The Coupled 
Cyclotron Facility produced a primary beam of 78Kr ions at an en-
ergy of 150 MeV/nucleon which was then impinged on a 9Be target 
in order to induce nuclear reactions. The resulting beam was then 
purified in the A1900 fragment separator [30] with the aid of an 
aluminum degrader in order to select 74Kr fragments after the tar-
get. The resulting secondary beam had a purity of about 40% 74Kr 
with an energy of 93 MeV/nucleon and an average intensity of 
1 × 105 particles per second.

The 74Kr secondary beam was transported to the experimental 
area where the lifetime measurement was performed. This exper-
iment used the TRIple PLunger for EXotic beams (TRIPLEX) [31], 
which was developed with the DRDDS method in mind and can 
hold up to three foils as targets or degraders/stoppers. The foils can 
be positioned between 0–25 mm apart using piezoelectric stepper 
motors. Three metallic foils were mounted in the TRIPLEX: one 9Be 
target which was 139-mg/cm2 thick, as well as two tantalum de-
graders of thickness 208 mg/cm2 and 166 mg/cm2. The 9Be target 
was used to induce reactions in the secondary beam, which pro-
duced 74Rb via the 9Be(74Kr, 74Rb) charge-exchange reaction and 
excited 74Kr through inelastic scattering, while the degraders were 
used to incrementally slow the reaction products to lower veloci-
ties. This approach avoids the difficulties associated with low beam 
intensity and purity which can pose a challenge to Coulomb excita-
tion studies. The separations between the target/first degrader and 
first degrader/second degrader were 1 mm for the lifetime mea-
surement, which corresponds to a flight-time of about 10 ps at a 
typical velocity of β = 0.35. Data were also taken with the target 
10 mm from the first degrader to allow excited states to decay be-
fore reaching it. Any decays observed after the first degrader were 
then attributed to reactions induced in the degraders, which was 
found to be about 10% for 74Kr and 20% for 74Rb. The ratio of re-
actions happening in the first or second degrader was assumed to 
be the ratio of the degrader thicknesses.

The TRIPLEX was installed upstream of the S800 spectro-
graph [32]. Reaction residues observed in the focal plane of 
the S800 [33] were identified using the energy-loss vs time-of-
flight method, with data taken for 74Rb and 74Kr simultaneously. 
The incoming beam was characterized by measuring its energy, 
y-position, and direction of travel at the target position as recon-
structed by the S800 particle-tracking by taking data with neither 
target nor degraders installed. The energy loss of the beam through 
the target was measured with no degraders present, and then the 
degraders were installed to determine the energy loss through all 
three foils. The velocity v between the degraders (Eq. (4)) was cal-
culated by taking the average energy measured in the S800 and 
correcting for the calculated energy loss in the second degrader.

Fig. 2. Doppler-corrected γ -ray spectra detected in coincidence with (a) 74Kr recoils 
and (b) 74Rb recoils. For 74Kr, several states are clearly populated, including the 
2+

1 , 4+
1 , and 6+

1 states. In contrast, only the 2+
1 state is strongly populated in 74Rb, 

with a small population of the 4+
1 state visible. The insets show a closer view of 

the 2+
1 → 0+

1 transition for each nucleus, with the fast, reduced, and slow compo-
nents labeled. The data in both panels were taken with 1 mm separations between 
the target/first degrader and between the first degrader/second degrader, and the 
Doppler correction was performed using the velocity after the first degrader.

De-excitation γ rays were detected in the Gamma Ray Energy 
Tracking In-beam Nuclear Array (GRETINA) [34]. For this experi-
ment, GRETINA consisted of seven modules, each containing four 
36-fold segmented high-purity germanium crystals. The TRIPLEX 
was mounted inside of GRETINA and shifted about 12 cm upstream 
of the center of the array. Accounting for the change in the tar-
get position, the array was configured with four detectors between 
20◦–50◦ and three detectors positioned around 70◦ . GRETINA was 
crucial to the success of this experiment due to its ability to local-
ize γ -ray interaction points to within a few millimeters. The γ -ray 
position resolution of GRETINA, coupled with the particle-tracking 
of the S800, allows excellent Doppler-corrected energy resolution 
as described in Ref. [35]. Resolving three peaks for each transition 
has been a major challenge to the DRDDS [29], which is over-
come by the combination of GRETINA and the S800. The spectra 
detected in coincidence with 74Rb and 74Kr recoils are shown in 
Fig. 2, with the transitions labeled by the initial and final states. 
The insets show the three components of the 2+

1 states each la-
beled according to the velocity at which the photons are emitted. 
The velocity used for Doppler-reconstruction was the velocity af-
ter the first degrader, which was corrected event-by-event based 
on the energy measured in the S800. Therefore, the middle peak 
for each decay corresponds to the rest-frame γ -ray energy. Fig. 2
shows spectra for which the separation between the target/first 
degrader and first degrader/second degrader was 1 mm, which as 
mentioned earlier corresponds to a flight time of about 10 ps at 
a velocity of β = 0.35. Inspection of the spectra in Fig. 2 makes 
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it clear that the slow component of the 2+ state is most strongly 
populated, indicating a lifetime significantly longer than 10 ps for 
both 74Kr and 74Rb.

The analysis of the lifetimes of the 2+
1 states in 74Kr and 74Rb 

was performed with the aid of a Monte Carlo simulation program. 
Simulating the data addresses several issues, including the detector 
efficiency for each of the Doppler-shifted components, emission of 
photons within the foils, and evaluating the importance of feeding 
effects by including or excluding γ -ray cascades. The simulation 
package [36] is based on the Geant4 framework [37] and has been 
updated to include the GRETINA+TRIPLEX geometry. The software 
accepts several inputs which are used to reproduce the physical 
conditions measured during the experiment, including the beam 
properties described earlier, the momentum transfer during the 
reaction on target, and the acceptance of the S800 spectrograph. 
The simulation can also assign a fraction of the reactions to oc-
cur in the degraders instead of the target as determined in the 
analysis. Simulated γ -ray spectra were generated for the transi-
tions observed in the data, with the lifetime of the 2+

1 state varied 
systematically. The simulated spectra were then fit to the data in 
order to determine the 2+

1 -state lifetimes from a χ2 minimization.

4. Analysis

The 2+
1 state lifetime of 74Kr was determined first to verify the 

performance of the DRDDS technique. Fig. 3(a) shows the results 
of fitting simulated decays from the 2+

1 state to the ground state. 
Feeding from excited states was also included in this fit, which was 
fixed from the intensities of the higher-lying transitions as shown 
in Fig. 2. The shaded regions in this figure indicate the range used 
to determine the 2+

1 -state lifetime. It was found that about 30% of 
the 2+

1 → 0+
1 decays come from direct population of the 2+

1 state, 
with the remaining population originating with feeding from the 
4+

1 , 6+
1 , and 2+

2 states. Simulations varying the lifetime of the 2+
1

state were generated and fitted to the data, and the reduced χ2

values from these fits were used to generate the χ2 distribution 
shown in the inset of Fig. 3(a). The minimum of this distribution 
gives a lifetime of τ2+

1
= 31(3) ps. The uncertainty includes both 

statistical and systematic contributions, with the main sources of 
systematic uncertainty being the positioning of the target and sec-
ond degrader foils relative to the first degrader, as well as the 
position of the TRIPLEX relative to GRETINA. Each of these uncer-
tainties contributes at about the 3% level. The sensitivity of the fit 
to the functional form used to describe the background was tested 
and found to be negligible. This result is in good agreement with 
the most precise published value of 33.8(6) ps, obtained with a 
differential-decay curve and recoil distance method [38]. It should 
be noted that these data were previously analyzed in Ref. [39 ] us-
ing a method based on a more standard RDDS technique, and was 
independently reanalyzed here with consistent results.

To evaluate the sensitivity of the DRDDS to feeding from short-
lived states, the fitting procedure was repeated for 74Kr without 
any feeding included in the simulations. The lifetime of the 4+

1
state in 74Kr is about 6 ps [39 ] and the higher-lying states are con-
siderably shorter still [26,38], which satisfies the condition that the 
feeding lifetime should be shorter than the target-degrader flight-
time. The results are shown in Fig. 3(b). The best-fit lifetime in 
this condition is τ2+

1
= 33(3) ps, which includes systematic effects 

similar to the result which includes feeding. The 2 ps difference 
between the two fits to the 74Kr data may be attributable to feed-
ing; nevertheless, this result is consistent with that obtained when 
feeding is considered and also with the previously determined life-
time [38]. It should be noted that the fast peak is not reproduced 
well by the simulations in this case, which is a consequence of 

Fig. 3. Doppler-corrected γ -ray energy spectra for 74Kr and 74Rb along with the 
best-fit results of the 2+

1 -state lifetime for each nucleus. The data and uncertainties 
are indicated by the crosses, and the simulated spectra are shown by the solid lines. 
The shaded areas indicate the range used in the fits to determine the 2+

1 -state life-
time, and the exponential background is shown by the dashed line. Panel (a) shows 
the fit to the 74Kr data including all observed feeding levels, while panel (b) shows 
the same fit when feeding is neglected (see text for details). Panel (c) shows the 
fit to the 74Rb data. The insets show the reduced χ2 distribution, the minimum of 
which was used to determine the lifetime.

the lack of feeding transitions that would otherwise delay γ -ray 
emission and thereby reduce the population of this peak. How-
ever, since the fast peak is not explicitly considered in the DRDDS 
method, this does not alter the lifetime result.

The analysis of 74Rb was performed in the same manner as 
74Kr. Feeding was neglected in this analysis, due both to the ap-
parently little feeding from higher-lying states as well as lack of 
information on their lifetimes. As shown in Fig. 2, about 70% of 
the population goes to the 2+ state in this reaction, with the re-
mainder going to the 4+ state. Although this state decays through 
a γ -ray with an energy of 575.1(4) keV [20], it apparently has a 
short lifetime and mostly populates the fast peak at approximately 
600 keV. Since this lifetime is unknown, the insensitivity of the 
DRDDS technique to feeding from short-lived states is particularly 
important in this analysis. As with 74Kr, simulations were gener-
ated for the 2+

1 → 0+
1 transition of 74Rb, with the lifetime of the 

2+
1 state varied. These simulations were fitted to the data, with 

the resulting best fit shown in Fig. 3(c). The reduced χ2 distribu-
tion is shown in the inset to this panel, and from the minimum of 
this distribution the lifetime was determined to be τ2+ = 27(6) ps, 
which includes a small increase in the uncertainty to account for 
the fact that the reduced χ2 does not go to one [40]. The uncer-

C Morse et al., 
PLB787,198 (2017) 

NSCL 2017
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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 

IOP Conference 2015 

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

B(E2) 
(e2fm4) :  186(40)      188(24)     193(2)

Literature values

The exchange symmetry between the proton and
the neutron is one of the most fundamental symme-
tries in modern physics, rooted in the near charge-
symmetry and charge-independence of the nuclear
force [1]. The concept led Heisenberg [2] to intro-
duce the isospin quantum number (T ) which can
be assigned to any nuclear state such that, in the
absence of charge-dependent forces, there will be an
identical analogue state of the same isospin T in all
isobars Tz (= (N � Z)/2) in the range +T to �T .

In general, any interactions that depend on
charge (the strongest of which is the electromag-
netic interaction) are su�ciently weak that they do
not disturb the symmetry of the underlying wave
functions of these isobaric analogue states (IAS).
Hence the assumption of identical wave functions
among a set of IAS is usually considered to be safe.
Much work has been undertaken recently studying
di↵erences in energy between excited states of mir-
ror nuclei and T = 1 triplets (IAS with T = 1 in
the three nuclei with Tz = 0,±1) – see, for exam-
ple, references [3–8]. In these analyses, symmetry
of the underlying wave functions is assumed and
so the di↵erences in excitation energy were inter-
preted in terms of nuclear structure phenomena. In
a shell-model analysis, it is found that additional
isospin non-conserving interactions (INC), beyond
the usual two-body Coulomb force, were required
to account for the data, e.g. [3, 6]. In the case
of T = 1 triplets, the INC interactions required
are consistently large, and it is speculated that the
charge dependence of the nuclear interaction itself
plays a significant role [9, 10]. This analysis of INC
forces, however, does not yield any information on
the purity of the isospin quantum number or devia-
tions from the presumed identicality of the analogue
wavefunctions.

Isospin mixing can, however, be studied through
testing predictions that rely on the isospin purity of
a set of analogue states. The established method is
the isobaric multiplet mass equation (IMME). The
IMME predicts that the total binding energy in a
multiplet should be a quadratic in Tz for a set of
identical analogue states of pure isospin T in the
presence of a two-body interaction with isoscalar,
isovector and isotensor components. The IMME
has been tested many times through high-precision
mass measurements and, whilst there are a small

⇤Corresponding author
Email address: michael.bentley@york.ac.uk (M.A.

Bentley)

Figure 1: Gamma-ray spectra for 46Ti and 46Cr produced
using relativistic Coulomb excitation. Incoming and outgo-
ing ions, time and scattering angle cuts are applied – see text
for details

number of notable deviations, the rule holds well –
see, for example, Lam et al. [11] for a comprehensive
review. Similar rules appear for electromagnetic
transition strengths under the same assumptions as
above for the IMME – see reference [12] for details.
The isospin dependence of the proton matrix ele-
ment for a set of T ! T analogue electromagnetic
transitions has a simple form, and for the analogue
states of a T = 1 triplet may be written [13]

Mp(Tz) =
1

2
[M0 � TzM

Tz=1
1 ] (1)

where M0 and MTZ=1
1 are the isoscalar matrix ele-

ment and isovector matrix element (for the Tz =
1 nucleus) respectively. Thus, in the limit of
pure isospin, the analogue proton matrix elements
should be exactly linear with Tz. This rule is dif-
ficult to test precisely, due to the inherent inaccu-
racies in measuring transition strengths in proton-
rich nuclei. The most straightforward way to test
this rule is through the study of a T = 1 triplet
of nuclei and measurement of the analogue B(E2)
strengths between the T = 1, 0+ ground state and
the T = 1, 2+ first excited state - in which case
B(E2)(Tz, 0+ ! 2+) = (Mp(Tz))2. Indeed, there
is the potential for isospin mixing in the odd-odd
N = Z system due to the close proximity of the
T = 1 and T = 0 states. Prados-Estevez et al. [14]
performed a compilation of such B(E2) strengths
for all T = 1 triplets for 22  A  42 and found, in
general, good agreement with the rule within the
error limits. There were some exceptions – most
notably A = 38 [14] where deviation from linear-
ity was indicated. However, for many of the cases
shown, the error bars were too large to test lin-
earity. Moreover, in general, the measurements for
each triplet have come from di↵erent experiments,

2
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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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A=46 triplet 

46V RDM (2003)
Moller et al PRC67, 011301 

46Cr Coulex (2005)
Yamada et al EPJA 25 (2005) 409 Why A=46? 

•  T1/2 (~9ps) and structure 
suitable for method 

•  VERY close proximity of 
T=0 and T=1 in odd-odd 46V 

46V - good case for close T=1 and T=0 2+ state
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Experiment Summary 

Primary Secondary 

58Ni 
46Ti 

46Cr 

46Ti* 

46Cr* 

Excited Secondary 

9Be (2.5g/cm2) 197Au (0.5g/cm2) 

Primary Secondary 

58Ni 
46Ti 

46V 

46Ti* 

46V* 

Excited Secondary 

9Be (2.5g/cm2) 197Au ([0.75/0.5/0.5]g/cm2) 

Coulex: 
Cross section 

TCP:  
Lifetime 
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Relativistic Coulomb 
excitation - measure 
relative to 46Ti

Lifetimes by 
“stretched target” - 
measure relative to 
46Ti

• GSI Fragment Separator + AGATA tracking array + LYCCA (Particle tracking) 
• AGATA/PRESPEC Campaign in 2014
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508 P. Bednarczyk et al.

At intermediate beam energies, atomic processes are the important con-
stituents of the prompt �-ray background. In this energy regime intense
bremsstrahlung is expected to be orders of magnitude stronger than the
nuclear radiation, and depending on the incident beam velocity may reach
energies of several hundreds keV [2]. In Fig. 1(B), (C) and (D) are shown non
Doppler corrected �-ray spectra measured in Coulex reactions with RIB: 68Ni
at 600AMeV, 54Cr at 100 AMeV, and a primary 132Xe beam at 100AMeV,
respectively. In all the three cases �-rays were registered in coincidence with
scattered projectiles selected by the HI detectors before and after a gold
target. In the �-spectra obtained with the fragmented beams, one notices
intense low energy atomic background which in the case of the 600 AMeV
68Ni beam extends to almost 1 MeV. In contrast, in the spectrum registered
in the reaction with the stable 132Xe projectiles such increase of the back-
ground is not observed. The excessive atomic background induced by the
secondary beams may be associated with their large spatial spread that re-
sulted in scattering on the surrounding material. Indeed, a RIB spot size
was measured to be about 20 cm2 at the target position, whereas for the
stable beam it was close to 1 cm2.

Fig. 2. (A) Splitting of the 814 keV line from
36

K due to �-ray emission at the

different fragment velocities: �1 = 0.53, �2 = 0.49 and �3 = 0.43. The best fit to

the data yielded the
36

K, 3
+

level lifetime of 28(6) ps. In the inset, a sketch of

the plunger device. (B) The 814 keV transition in
36

K measured in the secondary

fragmentation reaction of
37

Ca on a Be target.

3. Gamma-ray spectroscopy methods developed at RISING:
�-ray angular distribution and lifetime measurements

Spectroscopic investigations of exotic nuclei reveal evolution of the struc-
ture of magic nuclei. They come across new regions of nuclear deformation
far from stability. Experiments performed so far at the intermediate energy
RIB facilities explored these phenomena through measurements of transition
energies and B(E2) rates.

Using high velocity & target-thickness available in 
fragmentation reactions  - FRIB/FAIR/RIBF technique! 

Lifetime measurement: Idea from P.Bednarczyck 

3 Fe foils (both target and degrader)

37Ca -1p      to     36K

Acta Phys. Pol. B41 (2010) 505

“Stretched Target” method
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Isospin mixing in the A=46 Isobaric Triplet



The exchange symmetry between the proton and
the neutron is one of the most fundamental symme-
tries in modern physics, rooted in the near charge-
symmetry and charge-independence of the nuclear
force [1]. The concept led Heisenberg [2] to intro-
duce the isospin quantum number (T ) which can
be assigned to any nuclear state such that, in the
absence of charge-dependent forces, there will be an
identical analogue state of the same isospin T in all
isobars Tz (= (N � Z)/2) in the range +T to �T .

In general, any interactions that depend on
charge (the strongest of which is the electromag-
netic interaction) are su�ciently weak that they do
not disturb the symmetry of the underlying wave
functions of these isobaric analogue states (IAS).
Hence the assumption of identical wave functions
among a set of IAS is usually considered to be safe.
Much work has been undertaken recently studying
di↵erences in energy between excited states of mir-
ror nuclei and T = 1 triplets (IAS with T = 1 in
the three nuclei with Tz = 0,±1) – see, for exam-
ple, references [3–8]. In these analyses, symmetry
of the underlying wave functions is assumed and
so the di↵erences in excitation energy were inter-
preted in terms of nuclear structure phenomena. In
a shell-model analysis, it is found that additional
isospin non-conserving interactions (INC), beyond
the usual two-body Coulomb force, were required
to account for the data, e.g. [3, 6]. In the case
of T = 1 triplets, the INC interactions required
are consistently large, and it is speculated that the
charge dependence of the nuclear interaction itself
plays a significant role [9, 10]. This analysis of INC
forces, however, does not yield any information on
the purity of the isospin quantum number or devia-
tions from the presumed identicality of the analogue
wavefunctions.

Isospin mixing can, however, be studied through
testing predictions that rely on the isospin purity of
a set of analogue states. The established method is
the isobaric multiplet mass equation (IMME). The
IMME predicts that the total binding energy in a
multiplet should be a quadratic in Tz for a set of
identical analogue states of pure isospin T in the
presence of a two-body interaction with isoscalar,
isovector and isotensor components. The IMME
has been tested many times through high-precision
mass measurements and, whilst there are a small
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Email address: michael.bentley@york.ac.uk (M.A.

Bentley)

Energy [keV]
500 600 700 800 900 1000 1100 1200 1300

C
ou

nt
s 

/ 4
 k

eV

100

150

200

250

300

350

400

450

500

Energy [keV]
600 700 800 900 1000 1100 1200 1300

C
ou

nt
s 

/ 8
 k

eV

0

10

20

30

40

50

60

C
ou

nt
s 

/ 
4 

ke
V

Energy [keV]
600     800     1000     1200 600     800     1000     1200 

450
400
350
300
250
200
150
100

500
60

50

40

30

20

10

Energy [keV]
C
ou

nt
s 

/ 
8 

ke
V46Ti 46Cr

Figure 1: Gamma-ray spectra for 46Ti and 46Cr produced
using relativistic Coulomb excitation. Incoming and outgo-
ing ions, time and scattering angle cuts are applied – see text
for details

number of notable deviations, the rule holds well –
see, for example, Lam et al. [11] for a comprehensive
review. Similar rules appear for electromagnetic
transition strengths under the same assumptions as
above for the IMME – see reference [12] for details.
The isospin dependence of the proton matrix ele-
ment for a set of T ! T analogue electromagnetic
transitions has a simple form, and for the analogue
states of a T = 1 triplet may be written [13]

Mp(Tz) =
1

2
[M0 � TzM

Tz=1
1 ] (1)

where M0 and MTZ=1
1 are the isoscalar matrix ele-

ment and isovector matrix element (for the Tz =
1 nucleus) respectively. Thus, in the limit of
pure isospin, the analogue proton matrix elements
should be exactly linear with Tz. This rule is dif-
ficult to test precisely, due to the inherent inaccu-
racies in measuring transition strengths in proton-
rich nuclei. The most straightforward way to test
this rule is through the study of a T = 1 triplet
of nuclei and measurement of the analogue B(E2)
strengths between the T = 1, 0+ ground state and
the T = 1, 2+ first excited state - in which case
B(E2)(Tz, 0+ ! 2+) = (Mp(Tz))2. Indeed, there
is the potential for isospin mixing in the odd-odd
N = Z system due to the close proximity of the
T = 1 and T = 0 states. Prados-Estevez et al. [14]
performed a compilation of such B(E2) strengths
for all T = 1 triplets for 22  A  42 and found, in
general, good agreement with the rule within the
error limits. There were some exceptions – most
notably A = 38 [14] where deviation from linear-
ity was indicated. However, for many of the cases
shown, the error bars were too large to test lin-
earity. Moreover, in general, the measurements for
each triplet have come from di↵erent experiments,
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46Cr Coulex46Ti Coulex

117(21) counts 
B(E2)  = 
886(158) e2fm4

1087(88) counts 
B(E2)  = 
918(74) e2fm4

Analysis from Alberto Boso, Padova

Efficiency Corrections for: 
• Dead time 
• angular distributions
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angle limit θmax = 50o

46Ti:             5.26(34) ps

46V:            4.23(35) ps 
  Lit:           4.7(6) ps  

Lit:            5.28(5) ps                                         

Statistical error ~0.3 ps 
Systematic error estimate ~0.2ps

Stretched Target Lifetime Measurement

with di↵erent B(E2) measurement methods and
di↵erent population/feeding routes to the state of
interest – hence hidden systematic errors cannot be
ruled out.

The A = 46 triplet, the topic of this work, is the
heaviest for which all three B(E2)s are known, al-
though the errors in the B(E2)s for 46Cr and 46V
(at 20% [15] and 13% [16] respectively) are too
large to test for any non-linearity. The A = 46
triplet is especially interesting since systematics of
the experimental T = 0 and T = 1 states in 46V [18]
indicate that the lowest T = 1 and T = 0 2+ states
are likely to be very close in energy and hence may
result in mixing of isospin. The aim of the work
presented here was to address these issues by per-
forming B(E2) measurements for all three mem-
bers of the A = 46 triplet. To reduce the impact
of systematic errors, we also ensure that analogue
B(E2)s are measured using the same technique, un-
der identical experimental conditions, and that the
states of interest were populated through an iden-
tical (analogue) mechanism. This enables a precise
relative measurement of the transition strengths to
test the linearity rule. We also introduce here a
method for lifetime measurements, especially suited
to studies with fragmentation beams, which we call
the “stretched target” technique.

The experiment was performed at the GSI
Helmholtzzentrum für Schwerionenforschung, Ger-
many, with the FRS-AGATA-LYCCA setup - see
[19, 20] for further details. A 600 MeV/A 58Ni
beam, provided by the SIS18 synchrotron, im-
pinged on a 2.5 g/cm2 Be primary target. The
isotopes resulting from the fragmentation reaction
were separated and identified with the double-stage
magnetic spectrometer FRS [21] by means of the
B⇢��E�B⇢ method, which allows precise deter-
mination of the atomic number Z and the mass over
charge-state ratio, A/q. The energy loss of the ions
was measured with two Multi Sample Ionisation
Chambers (MUSICs) while the time of flight and
the positions in the second and fourth focal planes
were obtained from two plastic scintillators. Three
di↵erent magnet settings were chosen to transmit
the three secondary beams of interest, 46Cr, 46V
and 46Ti with beam energies of 180, 176 and 178
MeV/A respectively. The three beams impinged,
separately, on two di↵erent secondary-target ar-
rangements, described below, to measure the three
analogue 0+g.s. ! 2+1 B(E2) strengths.

The secondary target (arrangement) was sur-
rounded by the gamma ray tracking spectrome-
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Figure 2: Gamma-ray spectra for 46V (top) and 46Ti (bot-
tom) using the triple-gold-foil “stretched-target” method.
The Doppler correction has been optimised for the central
“peak”, and the correct energy of the transition is marked by
the dashed line. Only AGATA detectors at an angle  50�

to the beam direction are included, and an angle-dependent
correction has been applied to spectrum to ensure that the
peak centroids are at the same location for all angles. The
solid (red) line is a full AGATA simulation produced under
the same conditions as the experiment - see text for details.

ter AGATA [22], comprising, in this configuration,
22 HPGe detectors placed in the forward direction
with respect to the beam line arranged in a combi-
nation of triple- and double-cryostats. For AGATA,
the pulse-shape analysis methodology gives a posi-
tion sensitivity of  5 mm which, in turn, is crucial
for �-ray photo-peak resolution, which would other-
wise be destroyed by Doppler broadening e↵ects at
� > 0.5c, such as here. The outgoing ions were
identified by the LYCCA calorimeter [23] which
provides energy-loss, total energy and time-of-flight
(ToF) measurements. The atomic number of the
outgoing fragment was determined by E-�E mea-
surement given by a combination of DSSSD and CsI
detectors in the LYCCA “wall” [23]. Determination
of the mass of the outgoing fragment was not neces-
sary since the fragment of interest is the same as the
incoming secondary beam in both cases. The two
LYCCA plastic scintillators placed just before and
3.4 m after the secondary target provide a precise
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Linearity of proton M.E with Tz

The exchange symmetry between the proton and
the neutron is one of the most fundamental symme-
tries in modern physics, rooted in the near charge-
symmetry and charge-independence of the nuclear
force [1]. The concept led Heisenberg [2] to intro-
duce the isospin quantum number (T ) which can
be assigned to any nuclear state such that, in the
absence of charge-dependent forces, there will be an
identical analogue state of the same isospin T in all
isobars Tz (= (N � Z)/2) in the range +T to �T .

In general, any interactions that depend on
charge (the strongest of which is the electromag-
netic interaction) are su�ciently weak that they do
not disturb the symmetry of the underlying wave
functions of these isobaric analogue states (IAS).
Hence the assumption of identical wave functions
among a set of IAS is usually considered to be safe.
Much work has been undertaken recently studying
di↵erences in energy between excited states of mir-
ror nuclei and T = 1 triplets (IAS with T = 1 in
the three nuclei with Tz = 0,±1) – see, for exam-
ple, references [3–8]. In these analyses, symmetry
of the underlying wave functions is assumed and
so the di↵erences in excitation energy were inter-
preted in terms of nuclear structure phenomena. In
a shell-model analysis, it is found that additional
isospin non-conserving interactions (INC), beyond
the usual two-body Coulomb force, were required
to account for the data, e.g. [3, 6]. In the case
of T = 1 triplets, the INC interactions required
are consistently large, and it is speculated that the
charge dependence of the nuclear interaction itself
plays a significant role [9, 10]. This analysis of INC
forces, however, does not yield any information on
the purity of the isospin quantum number or devia-
tions from the presumed identicality of the analogue
wavefunctions.

Isospin mixing can, however, be studied through
testing predictions that rely on the isospin purity of
a set of analogue states. The established method is
the isobaric multiplet mass equation (IMME). The
IMME predicts that the total binding energy in a
multiplet should be a quadratic in Tz for a set of
identical analogue states of pure isospin T in the
presence of a two-body interaction with isoscalar,
isovector and isotensor components. The IMME
has been tested many times through high-precision
mass measurements and, whilst there are a small

⇤Corresponding author
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Bentley)

Figure 1: Gamma-ray spectra for 46Ti and 46Cr produced
using relativistic Coulomb excitation. Incoming and outgo-
ing ions, time and scattering angle cuts are applied – see text
for details

number of notable deviations, the rule holds well –
see, for example, Lam et al. [11] for a comprehensive
review. Similar rules appear for electromagnetic
transition strengths under the same assumptions as
above for the IMME – see reference [12] for details.
The isospin dependence of the proton matrix ele-
ment for a set of T ! T analogue electromagnetic
transitions has a simple form, and for the analogue
states of a T = 1 triplet may be written [13]

Mp(Tz) =
1

2
[M0 � TzM

Tz=1
1 ] (1)

where M0 and MTZ=1
1 are the isoscalar matrix ele-

ment and isovector matrix element (for the Tz =
1 nucleus) respectively. Thus, in the limit of
pure isospin, the analogue proton matrix elements
should be exactly linear with Tz. This rule is dif-
ficult to test precisely, due to the inherent inaccu-
racies in measuring transition strengths in proton-
rich nuclei. The most straightforward way to test
this rule is through the study of a T = 1 triplet
of nuclei and measurement of the analogue B(E2)
strengths between the T = 1, 0+ ground state and
the T = 1, 2+ first excited state - in which case
B(E2)(Tz, 0+ ! 2+) = (Mp(Tz))2. Indeed, there
is the potential for isospin mixing in the odd-odd
N = Z system due to the close proximity of the
T = 1 and T = 0 states. Prados-Estevez et al. [14]
performed a compilation of such B(E2) strengths
for all T = 1 triplets for 22  A  42 and found, in
general, good agreement with the rule within the
error limits. There were some exceptions – most
notably A = 38 [14] where deviation from linear-
ity was indicated. However, for many of the cases
shown, the error bars were too large to test lin-
earity. Moreover, in general, the measurements for
each triplet have come from di↵erent experiments,
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Linearity of proton M.E with Tz

The exchange symmetry between the proton and
the neutron is one of the most fundamental symme-
tries in modern physics, rooted in the near charge-
symmetry and charge-independence of the nuclear
force [1]. The concept led Heisenberg [2] to intro-
duce the isospin quantum number (T ) which can
be assigned to any nuclear state such that, in the
absence of charge-dependent forces, there will be an
identical analogue state of the same isospin T in all
isobars Tz (= (N � Z)/2) in the range +T to �T .

In general, any interactions that depend on
charge (the strongest of which is the electromag-
netic interaction) are su�ciently weak that they do
not disturb the symmetry of the underlying wave
functions of these isobaric analogue states (IAS).
Hence the assumption of identical wave functions
among a set of IAS is usually considered to be safe.
Much work has been undertaken recently studying
di↵erences in energy between excited states of mir-
ror nuclei and T = 1 triplets (IAS with T = 1 in
the three nuclei with Tz = 0,±1) – see, for exam-
ple, references [3–8]. In these analyses, symmetry
of the underlying wave functions is assumed and
so the di↵erences in excitation energy were inter-
preted in terms of nuclear structure phenomena. In
a shell-model analysis, it is found that additional
isospin non-conserving interactions (INC), beyond
the usual two-body Coulomb force, were required
to account for the data, e.g. [3, 6]. In the case
of T = 1 triplets, the INC interactions required
are consistently large, and it is speculated that the
charge dependence of the nuclear interaction itself
plays a significant role [9, 10]. This analysis of INC
forces, however, does not yield any information on
the purity of the isospin quantum number or devia-
tions from the presumed identicality of the analogue
wavefunctions.

Isospin mixing can, however, be studied through
testing predictions that rely on the isospin purity of
a set of analogue states. The established method is
the isobaric multiplet mass equation (IMME). The
IMME predicts that the total binding energy in a
multiplet should be a quadratic in Tz for a set of
identical analogue states of pure isospin T in the
presence of a two-body interaction with isoscalar,
isovector and isotensor components. The IMME
has been tested many times through high-precision
mass measurements and, whilst there are a small
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Figure 1: Gamma-ray spectra for 46Ti and 46Cr produced
using relativistic Coulomb excitation. Incoming and outgo-
ing ions, time and scattering angle cuts are applied – see text
for details

number of notable deviations, the rule holds well –
see, for example, Lam et al. [11] for a comprehensive
review. Similar rules appear for electromagnetic
transition strengths under the same assumptions as
above for the IMME – see reference [12] for details.
The isospin dependence of the proton matrix ele-
ment for a set of T ! T analogue electromagnetic
transitions has a simple form, and for the analogue
states of a T = 1 triplet may be written [13]

Mp(Tz) =
1

2
[M0 � TzM

Tz=1
1 ] (1)

where M0 and MTZ=1
1 are the isoscalar matrix ele-

ment and isovector matrix element (for the Tz =
1 nucleus) respectively. Thus, in the limit of
pure isospin, the analogue proton matrix elements
should be exactly linear with Tz. This rule is dif-
ficult to test precisely, due to the inherent inaccu-
racies in measuring transition strengths in proton-
rich nuclei. The most straightforward way to test
this rule is through the study of a T = 1 triplet
of nuclei and measurement of the analogue B(E2)
strengths between the T = 1, 0+ ground state and
the T = 1, 2+ first excited state - in which case
B(E2)(Tz, 0+ ! 2+) = (Mp(Tz))2. Indeed, there
is the potential for isospin mixing in the odd-odd
N = Z system due to the close proximity of the
T = 1 and T = 0 states. Prados-Estevez et al. [14]
performed a compilation of such B(E2) strengths
for all T = 1 triplets for 22  A  42 and found, in
general, good agreement with the rule within the
error limits. There were some exceptions – most
notably A = 38 [14] where deviation from linear-
ity was indicated. However, for many of the cases
shown, the error bars were too large to test lin-
earity. Moreover, in general, the measurements for
each triplet have come from di↵erent experiments,
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Linearity of proton M.E with Tz

The exchange symmetry between the proton and
the neutron is one of the most fundamental symme-
tries in modern physics, rooted in the near charge-
symmetry and charge-independence of the nuclear
force [1]. The concept led Heisenberg [2] to intro-
duce the isospin quantum number (T ) which can
be assigned to any nuclear state such that, in the
absence of charge-dependent forces, there will be an
identical analogue state of the same isospin T in all
isobars Tz (= (N � Z)/2) in the range +T to �T .

In general, any interactions that depend on
charge (the strongest of which is the electromag-
netic interaction) are su�ciently weak that they do
not disturb the symmetry of the underlying wave
functions of these isobaric analogue states (IAS).
Hence the assumption of identical wave functions
among a set of IAS is usually considered to be safe.
Much work has been undertaken recently studying
di↵erences in energy between excited states of mir-
ror nuclei and T = 1 triplets (IAS with T = 1 in
the three nuclei with Tz = 0,±1) – see, for exam-
ple, references [3–8]. In these analyses, symmetry
of the underlying wave functions is assumed and
so the di↵erences in excitation energy were inter-
preted in terms of nuclear structure phenomena. In
a shell-model analysis, it is found that additional
isospin non-conserving interactions (INC), beyond
the usual two-body Coulomb force, were required
to account for the data, e.g. [3, 6]. In the case
of T = 1 triplets, the INC interactions required
are consistently large, and it is speculated that the
charge dependence of the nuclear interaction itself
plays a significant role [9, 10]. This analysis of INC
forces, however, does not yield any information on
the purity of the isospin quantum number or devia-
tions from the presumed identicality of the analogue
wavefunctions.

Isospin mixing can, however, be studied through
testing predictions that rely on the isospin purity of
a set of analogue states. The established method is
the isobaric multiplet mass equation (IMME). The
IMME predicts that the total binding energy in a
multiplet should be a quadratic in Tz for a set of
identical analogue states of pure isospin T in the
presence of a two-body interaction with isoscalar,
isovector and isotensor components. The IMME
has been tested many times through high-precision
mass measurements and, whilst there are a small

⇤Corresponding author
Email address: michael.bentley@york.ac.uk (M.A.

Bentley)

Figure 1: Gamma-ray spectra for 46Ti and 46Cr produced
using relativistic Coulomb excitation. Incoming and outgo-
ing ions, time and scattering angle cuts are applied – see text
for details

number of notable deviations, the rule holds well –
see, for example, Lam et al. [11] for a comprehensive
review. Similar rules appear for electromagnetic
transition strengths under the same assumptions as
above for the IMME – see reference [12] for details.
The isospin dependence of the proton matrix ele-
ment for a set of T ! T analogue electromagnetic
transitions has a simple form, and for the analogue
states of a T = 1 triplet may be written [13]

Mp(Tz) =
1

2
[M0 � TzM

Tz=1
1 ] (1)

where M0 and MTZ=1
1 are the isoscalar matrix ele-

ment and isovector matrix element (for the Tz =
1 nucleus) respectively. Thus, in the limit of
pure isospin, the analogue proton matrix elements
should be exactly linear with Tz. This rule is dif-
ficult to test precisely, due to the inherent inaccu-
racies in measuring transition strengths in proton-
rich nuclei. The most straightforward way to test
this rule is through the study of a T = 1 triplet
of nuclei and measurement of the analogue B(E2)
strengths between the T = 1, 0+ ground state and
the T = 1, 2+ first excited state - in which case
B(E2)(Tz, 0+ ! 2+) = (Mp(Tz))2. Indeed, there
is the potential for isospin mixing in the odd-odd
N = Z system due to the close proximity of the
T = 1 and T = 0 states. Prados-Estevez et al. [14]
performed a compilation of such B(E2) strengths
for all T = 1 triplets for 22  A  42 and found, in
general, good agreement with the rule within the
error limits. There were some exceptions – most
notably A = 38 [14] where deviation from linear-
ity was indicated. However, for many of the cases
shown, the error bars were too large to test lin-
earity. Moreover, in general, the measurements for
each triplet have come from di↵erent experiments,
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• High precision measurement of B(E2)s in T=1 triplet 
• Heaviest triplet for which this has been done (so far!) 
• No evidence for non-linear behaviour with Tz 
• A=30 and 34 may deviate from the selection rule…  
• Stretched target technique - excellent technique for FAIR & FRIB 
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Figure 3: (a): Absolute values of the transition matrix el-
ements Mp determined from the present work. The solid
lines indicate the error limits of the current literature val-
ues [15, 16]. (b): (Data) The weighted average values of
Mp for all published data combined with the present work.
The red dashed line is a linear fit to the data. Shell-model
calculations using the KB3G interaction are shown by the
solid and dotted lines. (c): Data as (b). Shell-model calcu-
lations using the ZBM2 interaction are shown by the solid
line. The dotted line (mod) shows the result of the shell
model calculation if the p3/2 level is lowered by 500 keV.

data used for A = 46 are the weighted averages
plotted in Fig. 3(b). Since the total matrix element
varies significantly in this mass range, we have plot-
ted the extracted c-coe�cients normalised to the
isoscalar matrix element, M0 (extracted from a lin-
ear fit to the same data – see Eq. 1). As expected
the A = 46 triplet c-coe�cient is consistent with
zero, and it is clear that the A = 46 data now pro-
vide one of the most precise tests of the rule to
date. It can also be seen that data on A = 30, 34
now deviate significantly from the prediction, once
the most recent data are included.

The near equality of the experimental values for

- 1 0 1
Tz

0.5

1

1.5
M

p/M
p(4

6 T
i)

- 1 0 1

4 6Cr                4 6V                 4 6T i

KB3G
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Figure 4: The measured proton matrix elements Mp from
this work for 46Cr and 46V, plotted relative to the measured
value for 46Ti (from this work) for the Coulomb excitation
(Cr/Ti) and stretched target (V/Ti) data. The shell model
calculations plotted correspond to the solid lines in Figs. 3(a)
and (b).

Mp for A = 46 is, intuitively, unexpected since,
assuming an inert 40Ca core, the larger atomic
number of 46Cr should induce an higher transi-
tion probability. These data have been compared
with shell-model calculations using the KB3G in-
teraction [38] in the fp valence space, as shown in
Fig. 3(b). Calculations using the e↵ective charges
of reference [39], usually considered to be appropri-
ate for this region, are shown by the solid line in
Fig. 3(b) and the upper line in Fig. 4. The data
are not well reproduced, neither in magnitude nor
Tz-dependence. Du Reitz et al. [40] derived a set
of e↵ective charges from the A = 51 mirror nuclei,
through determination, separately, of the isoscalar
and isovector polarisation charges. The e↵ective
charges in this case were closer for protons and neu-
trons (✏p = 1.15, ✏n = 0.8). Indeed, the application
of these charges here results in a flatter dependence
of Mp with Tz (see dotted line in Fig. 3(b)). The
overall agreement, however, remains poor.

The above analysis clearly points towards the in-
adequacy of the fp valence space for these nuclei,
suggesting the importance of core excitations from
the underlying sd shell. To overcome this issue
we used the ZBM2 interaction [41], with an inert
core of 28Si and the valence space consisting of the
s1/2�d3/2�f7/2�p3/2 orbits. This is shown by the
solid line in Fig. 3(c) and the lower line in Fig. 4,
where the e↵ective charges of [39] are used as before.
Now the magnitude and Tz-dependence are much
better reproduced. This clearly indicates that, for
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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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5.4.4 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

Eres (MeV)
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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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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.
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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

198
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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 
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Isospin invariance

Isospin non-conserving 
interactions (INC)
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Analysis from Alberto Boso, Padova

are reported as well. The black lines represent the scattering angle cuts applied

in the present analysis.
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Figure 3.54: Measured cross section as a function of the cut on the scattering
angle for 46Ti (top) and 46Cr (bottom) .

The results obtained in this work are in good agreement with the ones previ-

ously reported in literature. In particular Figs. 3.54 and 3.55 confirm the choice

of the scattering angle cuts for both nuclei. It is clear how, for angles larger than
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Figure 3.55: Measured B(E2) value as a function of the cut on the scattering angle
for 46Ti (top) and 46Cr (bottom). The solid blue line represents the literature
value, while the relative error is indicated by the dashed lines.

the one chosen as limit, the agreement between the measured and the literature

value worsens. In this region the nuclear interaction comes into play and it gives

rise to interference with the electromagnetic force.

In order to understand the e↵ects into play, the obtained values have been
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Figure 3.53: �-ray spectra for the nuclei of interest 46Ti and 46Cr. Incoming,
outgoing, time and scattering angle cuts are applied. The event-by-event LYCCA
� has been used.

peak has then been obtained from the integral of the peak with a background

subtraction.

3.6.1.4 Error Analysis

The uncertainties on the cross section and B(E2) have been estimated by using

the standard error propagation.

Statistical Errors The only statistical error to be considered is the one due

to the number of counts in the � peak. This value has been obtained from the

integral of the peak and takes therefore into account the errors on the background

as well as the error on the peak.

Systematic errors The dominant sources of systematic errors are the uncer-

tainties on the �-ray e�ciency as well as on the scattering angle cut applied. The

error on the e�ciency is related to several terms:

• E�ciency curve: the error due to the parameters of the relative e�ciency

curve is 0.6 % while the uncertainty on the activity of the source used to

obtain the absolute e�ciency is assumed to be 1%.
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46Ti Coulex

“safe” impact parameter 

are sent to CFDs modules. The OR of these signals is then sent to a Trigger Logic

module in the MBS DAQ, which evaluates coincidences between these signals and

the FRS/LYCCA ones to assign the correct Trigger number (Tab. 3.7). For any

Trigger a gate to the AGAVA (AGAta VME Adaptateur) GTS is sent. The

coincidences between the AGAVA GTS and the individual AGATA detectors

GTS are evaluated by the Trigger Processor which marks every Trigger request

with a validated or rejected flag and sends the information back to the AGAVA

GTS. If AGATA DAQ is busy when the Trigger 9 is requested, the flag is set

to rejected, otherwise to validated. The AGATA dead time can therefore be

estimated from the ratio between rejected and requested Trigger 9 events. The

values obtained for the two settings are reported in Tab. 3.9

Setting 46Ti 46Cr

AGATA dead time (%) 0.8 0.3

Table 3.9: Average dead time for the 46Ti and 46Cr settings.

3.6.1.2 Scattering Angle reconstruction

As already pointed out, the relativistic regime induced by the high beam energies

typical of in-flight radioactive beams causes interference between the electro-

magnetic and the nuclear interactions. To extract the Coulomb excitation cross

section it is therefore essential to disentangle the two contributions and to discard

events in which the nuclear force plays a role in the projectile excitation. This

can be achieved by restricting our analysis only to peripheral events in which

the impact parameter of the incoming ions is su�ciently large that the short-

range nuclear interaction contribution is negligible. A lower limit to the impact

parameter b to ensure a “Safe Coulex” regime is given by the relation:

bmin = r0

⇣
A

1/3
P + A

1/3
T

⌘
+ 5fm (3.25)

where r0 is 1.2 fm and AT and AP are the projectile and target masses,

respectively. The safe impact parameters adopted in this analysis are reported in

Tab. 3.10.
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Efficiency Corrections for: 
• Dead time 
• angular distributions 
• working detectors


