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The isospin mixing was deduced in the compound nucleus 80 Zr at an excitation energy of E ¼ 54 MeV
from the γ decay of the giant dipole resonance. The reaction 40 Ca þ 40 Ca at Ebeam ¼ 136 MeV was used to
form the compound nucleus in the isospin I ¼ 0 channel, while the reaction 37 Cl þ 44 Ca at Ebeam ¼
95 MeV was used as the reference reaction. The γ rays were detected with the AGATA demonstrator array
coupled with LaBr3 :Ce detectors. The temperature dependence of the isospin mixing was obtained and the
zero-temperature value deduced. The isospin-symmetry-breaking correction δC used for the Fermi
superallowed transitions was extracted and found to be consistent with β-decay data.
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Symmetries in a complex physical system play a key role
for describing it in simple terms and understanding its
behavior. In nuclei, the isospin symmetry is based on the
experimental evidence of the charge independence of the
nuclear interaction. Coulomb interaction breaks isospin
symmetry, inducing impurities in the wave functions which
affect properties of β decay [1,2] and of the isobaric
analogue state (IAS) [3].
In the case of β decay, involving the up (u) and down (d)
quarks, lifetime measurements are used to extract the
coupling among these quarks described by the CabibboKobayshi-Maskawa (CKM) theory. The most precise value
of the first term of the CKM matrix V ud is extracted from
the ft values of 0þ → 0þ superallowed Fermi β decays
with several small corrections. One of these corrections, δC ,
depends on the isospin mixing [1,2].
Particular effort is being made to deduce the value of
isospin mixing for nuclei in different mass regions [4,5].
Tools are selection rules for the electric dipole (E1)
0031-9007=15=115(22)=222502(5)

transition in self-conjugate nuclei [6] and the β Fermi
transition between states with different isospin [7].
For the E1 transitions the giant dipole resonance (GDR),
where the maximum E1 strength is concentrated, is ideal
for searching for small effects in the breaking of the
associated selection rule [8–10]. For N ¼ Z nuclei with
medium mass, being not stable, the approach that can be
used is to form, via fusion reactions, compound nuclei (CN)
with N ¼ Z at finite temperature (T) and then deduce
isospin mixing at T ¼ 0 using the model of [11] connecting
this quantity from T ¼ 0 to finite T.
The GDR in nuclei at finite T and angular momentum
was investigated in many experimental and theoretical
works and, thus, a solid base exists for the use of this
approach [12,13]. For a self-conjugate projectile and target,
one ensures that the CN has isospin I ¼ 0. In this case, the
E1 decay of the GDR is hindered because I ¼ 1 states,
much less numerous, must be populated [8]. Conversely, if
the initial state contains an admixture of I ¼ 1 states, it can
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decay to the more numerous I ¼ 0 final states. Thus, the
first-step γ yield depends on the degree of isospin mixing of
the CN. At finite T one expects a partial restoration of the
isospin symmetry because the degree of mixing in a CN is
limited by its finite lifetime, as predicted by Wilkinson [14].
In Ref. [15] the isospin mixing was investigated at N ¼
Z ¼ 40 at T ¼ 3 MeV, while previous works concern CN
with smaller N ¼ Z values only. The work on 80 Zr [15]
showed that by using the latest prediction of the isospin
mixing value (based on EDF models [16]) together with the
expression giving the T dependence of the isospin mixing
[11], one finds a good agreement with the measured value at
T ¼ 3 MeV. This finding indicates that with an additional
experimental point at another T one could deduce, from the
combined data analysis, the value at T ¼ 0. The additional
point should be at T < 3 MeV to check the predicted trend of
the T dependence of the isospin mixing. This type of analysis
will provide a stringent test to model predictions [16].
In this Letter we report on a new study at T ≈ 2 MeV
addressing the problem of isospin mixing in Z ¼ N ¼ 40,
for which, for the first time, the different residual nuclei
were also measured. The aim is to make a combined analysis
of this new datum with the previous one at T ≈ 3 MeV, in
order to (i) test the trend of the T dependence of isospin
mixing, (ii) extract for the first time the value of the isospin
mixing for Z ¼ 40 at T ¼ 0, and (iii) extract, for the first
time, the isospin mixing correction δC necessary to obtain
the correct ft value of superallowed Fermi transitions.
The experiment was performed at the laboratory LNL
(INFN, Italy) employing beams from the TANDEM accelerator. Two fusion reactions were used: one was 40 Ca þ
40
Ca at Ebeam ¼ 136 MeV symmetric in target and projectile, forming the 80 Zr CN with E ¼ 54 at isospin I ¼ 0, the
other was 37 Cl þ 44 Ca at Ebeam ¼ 95 MeV asymmetric in
target and projectile, forming the 81 Rb CN at E ¼ 54 at
I ≠ 0. It is important, in fact, to have a reference reaction
not affected by isospin mixing.
The temperature ofpthe
CN on which the ﬃGDR is built
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
was deduced as T ¼ ðE − EGDR − Erot Þ=a where EGDR
is the GDR energy, Erot is the rotational energy, and a ¼
A=8 MeV−1 is the level density parameter and A the mass
number.
The experimental setup consisted of the AGATA
Demonstrator [17] array coupled to the HECTORþ [18]
array. AGATA consisted of four triple clusters of segmented
HPGe detectors which were used to measure low-energy γ
rays. The HECTORþ array consisted of seven large volume
LaBr3 :Ce with good efficiency up to 20 MeV.
The data analysis used the statistical model and was
mainly based on three steps: (i) the first consists of the best
possible check of the statistical model in predicting residual
nuclei; (ii) the second concerns the analysis of the 81 Rb
spectrum to deduce the GDR parameters; and (iii) the last
consists of the analysis of the 80 Zr spectrum to deduce the
isospin mixing as the only free parameter.
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FIG. 1 (color online). Top: γ-ray energy spectra from the decay
of the 80 Zr for two different conditions on LaBr3 :Ce. The γ
transitions of two residues are indicated with triangles and
diamonds. Bottom: Population of the 77 Rb residue versus the
measured fold of γ-ray coincidences. Experimental values are
displayed with filled circles while red lines are the statistical
model predictions. The dashed area was obtained by varying the
level density parameter from 7.5 to 8.5. The lower (upper) limit
corresponds to k ¼ 7.5 (8.5).

The used statistical model was found to describe, in
general, rather well the population of residual nuclei. This
was deduced from γ-ray intensities for different gating
conditions on high-energy γ rays. The top panels of Fig. 1
show the γ-ray spectra from AGATA in coincidence with γ
rays detected with LaBr3 :Ce’s (< 9 MeV for the top panel
and > 9 MeV for the middle panel). One sees that the
residual nucleus 77 Rb (three protons emission) is more
strongly populated in coincidence with a γ ray in the GDR
region (> 9 MeV) while the 76 Kr nucleus (four protons
emission) is weakly populated when a GDR γ ray is
emitted. This reflects the population of different regions
of the phase space. In general, the three most strongly
populated residual nuclei (76 Kr, 74 Kr, and 77 Rb) are found
to be rather well reproduced by the statistical model.
Another stringent test is the comparison between data
and predictions for the population of specific residual
nuclei as a function of coincidence fold, after corrections
for the simulated response function. The bottom panel of
Fig. 1 shows this comparison for 77 Rb. The error band was
obtained by varying the level density parameter a
(a ¼ A=k MeV−1 and k was varied from 7.5 to 8.5), since
this is an important quantity for the calculation of the GDR
γ decay.
The high-energy γ-ray spectra measured with the
LaBr3 :Ce scintillators are shown in Fig. 2. They were
analyzed with the statistical model and the corresponding
calculations (folded with the detector response function
and normalized to the data at around 5 MeV) were
obtained with the CASCADE code [19,20] version
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FIG. 3 (color online). Linearized measured and calculated γ-ray
spectra for 37 Cl þ 44 Ca (a) and for 40 Ca þ 40 Ca (b) in the GDR
region. In (b) the statistical model calculations are shown corresponding to different values of the Coulomb spreading width:
Γ↓> ¼ 12 keV (red line), for no mixing Γ↓> ¼ 0 keV (green dashed
line), and for full mixing Γ↓> ¼ 100 keV (blue dashed line).

The mixing probability α2≷ of states depends on the

FIG. 2 (color online). Left: High-energy γ-ray spectra for the
reactions 37 Cl þ 44 Ca (a) and 40 Ca þ 40 Ca (c). The data, measured with LaBr3 :Ce detectors, are shown with full circles in
comparison with the best-fitting statistical model calculations
(red lines). Right: Figure of merit (FOM) obtained by varying the
GDR width for 37 Cl þ 44 Ca (b) and by varying the Coulomb
spreading width for 40 Ca þ 40 Ca (d). The FOM is the χ 2 divided
by the number of counts.

including the isospin formalism (as in Ref. [15]). The
analysis of the spectrum for the 81 Rb compound nucleus
provided the GDR parameters as derived from the best fit
to the data in the region between 8 and 15 MeV. Because
of the exponential nature of the spectra, the fit minimization was applied to a figure of merit (FOM) obtained
dividing the standard χ 2 over the number of counts, to
increase the sensitivity to the low yield part of the spectra
[12]. For 81 Rb the best-fitting values (see the corresponding FOM in the top right-hand panel of Fig. 2) for the
centroid, width, and strength of GDR were found to be
EGDR ¼16.40.2MeV, ΓGDR ¼7.00.2MeV, and SGDR ¼
0.90  0.05, in agreement with the systematics and liquid
drop model calculations [15,21].
For the statistical model analysis of the spectrum
associated with 80 Zr, the isospin mixing plays a role while
all the other parameters were fixed from the 81 Rb analysis.
The isospin mixing is included in the code according to the
model in Ref. [22] in which the mixing between the state
I < ¼ I 0 and I > ¼ I 0 þ 1 is considered, where I 0 is the
initial CN state. These states exhibit, at high excitation
energy, a decay width Γ↑≷ and the mixing probability α2≷ of
states ≷ in states ≶ that can be defined as:
α2≷

¼

Γ↓≷ =Γ↑≷

1 þ Γ↓≷ =Γ↑≷ þ Γ↓≶ =Γ↑≶

:

ð1Þ

Coulomb spreading width Γ↓≷ of the states ≷. A partial
restoration of isospin symmetry at high excitation energy is
expected because Γ↓> is rather constant along with the
excitation energy while Γ↑> increases rapidly.
To extract the isospin mixing in 80 Zr, the Coulomb
spreading width was treated as the only free parameter to fit
the 80 Zr data. The best fit of the 80 Zr data was obtained
when the Coulomb spreading width is equal to Γ↓> ¼ 12 
3 keV (the error includes statistical and GDR parameter
uncertainties). The plot of the corresponding FOM is
shown in the bottom right-hand panel of Fig. 2. Note that
the major contribution to the FOM values comes from the
10–17 MeV region of the spectrum. Indeed (see, e.g.,
Ref. [23]), the γ yield at different energy intervals originates
from different regions of the phase space sampled by the
deexcitation cascades. The γ yield at E < 9 MeV is
mainly due to emission at the end of the deexcitation
process after neutron and proton evaporation and thus has
lost information on the isospin initial condition. Only the
region of the GDR, before proton and neutron emission, is
sensitive to the selection rule for E1 decay.
To emphasize the data in the GDR region and the isospin
mixing effect, it is important to examine the spectra in a
linearized form, given in Fig. 3. These were obtained by
dividing the measured and calculated spectra with a
statistical model calculation in which the BðE1Þ has a
constant value, instead of the standard Lorentzian function,
(see Fig. 3) [12,15]. To provide a more convincing evidence
of the effect of the Coulomb spreading width, calculations
were also made assuming full mixing [see the dashed blue
line in Fig. 3(b)] and no mixing [see the green dashed line
in Fig. 3(b)].
The Γ↓> ¼ 12  3 obtained in this analysis is consistent
with the value of 10  3 of Ref. [15] at E ¼ 84 MeV and
with the value deduced from the IAS width [24] for the
ground state of 80 Se. This result confirms, firstly, that the
Coulomb spreading width is a quantity rather independent
of temperature [22,25] and, secondly, that the Coulomb
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FIG. 4 (color online). The isospin mixing α2> as a function of T
obtained with the procedure of Ref. [11] corresponding to Γ↓> ¼
11.0  2.1 keV (red region), constant with T. For the blue band,
Γ↓> was assumed to vary mildly and linearly with T. The blue
triangle is the theoretical value at T ¼ 0 from Ref. [16], the red
circle is the datum from Ref. [15], and the black diamond is the
datum of this work. The inset gives the isospin mixing correction
δC as a function of the nuclear mass A. The black line is the
prediction from the Damgaard model [28], while the red line is a
shell model with Saxon-Woods radial wave function [29]. Black
circles are data extracted form β decay [1], the blue diamond is
from the mass measurement [30], and the red star is from this work.

spreading width extracted from the GDR analysis is very
similar in size to the IAS width. This indicates that they
come from the same physical mechanism [26,27].
Following Ref. [15] and prescriptions of Ref. [11], we
express the degree of mixing at angular momentum J ¼ 0
and we obtained a value of α2 > ¼ 4.6%  0.7%, which is,
as expected, significantly larger than the value from
Ref. [15] shown in Fig. 4. This supports the concept that
the mixing probability is a dynamical mechanism in the
nucleus, governed by the lifetime of the system and thus it
decreases with the excitation energy.
To compare the two data for 80 Zr at finite T with the
predictions for the ground state, we used the model of
Ref. [11], which describes the variation of the mixing
probability with T. The isospin mixing probability for a
nucleus at finite temperature is defined as
α2> ðTÞ ¼

1
Γ↓IAS
;
I 0 þ 1 ΓCN ðTÞ þ ΓIVM ðIASÞ

ð2Þ

where Γ↓IAS is the Coulomb spreading width of the IAS, to
be considered equal to Γ↓> , and ΓIVM ðIASÞ is the width of
the isovector monopole resonance (IVM) at the excitation
energy of the IAS, which is expected to be constant with T.
According to the systematics for the present case, one has
ΓIVM ðIASÞ ¼ 240 keV [3,11,15]. ΓCN ðTÞ is the CN decay
width increasing with T (ΓCN ≈ e−ΔE=T , where ΔE is the
energy removed by the emitted particle). In Fig. 4 the
values of α2> calculated using Eq. (2) are shown as a
function of T. The red line is obtained with a value of
Γ↓> ¼ 11.0  2.1 keV, corresponding to the average of
the two experimental values (the lower and upper curves
corresponding to 8.9 and 13.1 keV, respectively). This
calculation gives at T ¼ 0, α2> ¼ 4.6%  0.9%, in rather

week ending
27 NOVEMBER 2015

good agreement with the prediction in Ref. [16]. Following
the discussion in Ref. [11], we also considered a weak
linear dependence on T of the Coulomb spreading width
given by Γ↓> ðTÞ ¼ Γ↓>0 ð1 þ cTÞ. The chosen parameter
c ¼ 0.1 MeV−1 is such that the value of Γ↓> stays within
the experimental error bar. The blue band in Fig. 4 displays
the dependence of α2> with T when such weak dependence
of Γ↓> is considered (the limiting curves correspond to
Γ↓>0 ¼ 8.9 and 13.1 keV). We also performed two calculations using Γ↓> ¼ 11.0 keV and ΓIVM ðIASÞ ¼ 220 and
260 keV and found that these two curves are well within the
two colored bands of Fig. 4.
It is very interesting to connect the isospin mixing
parameter α2> with the isospin-correction term δC . As
reported in Ref. [31], the quantity δC is defined as
δC ¼ 4ðI þ 1Þ

V1
α2 ;
41ξA2=3

ð3Þ

where V 1 ¼ 100 MeV and ξ ¼ 3, while α2 is the isospin
impurity in the ground state and I is the isospin of the
nucleus. Using Eq. (3), the value δC ¼ 0.81%  0.16% was
obtained for 80 Zr, This is shown in the inset of Fig. 4 with
calculations from Ref. [1] and other values at lower Z from
β decay [1] and mass measurement [30]. The present result
is consistent with data for 74 Rb, and the trend of predictions
is also in agreement with the present new point. No
calculations of the type of Ref. [1] are available for
A ¼ 80, and the δC data for 74 Rb are the only existing
ones close to N ¼ Z ¼ 40.
In conclusion, for the first time, the T dependence of the
isospin mixing was obtained for the 80 Zr nucleus, the
heaviest that can be formed with stable nuclei. The T ¼ 0
value was deduced and provides a stringent test to theory.
The isospin-correction term used in the β-decay analysis
was also extracted for the first time for A ¼ 80 and found to
be consistent with systematics from β-decay and mass
measurements. This result supports the validity of the
method based on the GDR at finite T to obtain isospin
mixing in regions of Z not directly accessible at T ¼ 0.
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