Probing Isospin mixing with the Giant Dipole Resonance in the °°Zn compound
nucleus
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An experimental study of the isospin mixing in the mass region A=60 was made by measuring the
~-decay from the Giant Dipole Resonance in the compound nuclei °Zn and %2Zn. These compound
nuclei were populated at two different excitation energies, E* = 47 MeV and E* = 58 MeV using the
fusion evaporation reactions 32S 4 28Si at the bombarding energy of 86 MeV and 110 MeV and 3°Si+
308j at 75 MeV and 98 MeV. In the experiment, performed at the laboratory LNL-INFN, the ~-rays
were measured with GALILEO detection system in which large-volume LaBr3(Ce) detectors were
added to the HPGe detectors. The Coulomb spreading width was obtained from the comparison of
the two reactions and then isospin mixing parameter at zero temperature and the isospin-symmetry-
breaking correction for beta decay were deduced. The present results were compared with data of
the same type in other mass regions and with data from mass and beta decay measurements and
with theory. The present data allow to deduce for the first time a consistent picture for mass
dependence of isospin mixing and for the corresponding correction for the beta decay, supporting a
reliable extension to the very interesting region of 1°°Sn.

PACS numbers: 24.30.Cz, 24.60.Dr, 24.10.Pa, 11.30.—j

One of the basic symmetries of the strong nuclear force
is the isospin symmetry, introduced to handle theoreti-
cally that the interaction between protons and neutrons
was found to be the same. This symmetry, known to
be broken by the Coulomb force, manifests itself beyond
the nucleon-nucleon interaction in the structure of nuclei
and in nuclear reactions which selectively populate the
Isobaric Analog States (IAS) [1].

The necessity to investigate experimentally the size
of isospin-mixing in different mass regions stems mainly
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from two questions. One concerns the detailed knowledge
of nuclear structure in mirror nuclei pair (two nuclei for
which the number of protons(neutrons) in one is equal
to the number of neutrons(protons) of the other) and
isobaric triplets (having (N-Z)/2=-1,0,41 and the same
A). The other is related to the precise information on the
weak interaction in beta decay which involves the up and
down quarks. For the study of the weak interaction from
beta decay lifetime, several efforts are made to improve
the knowledge of the quantity ft. This quantity is related
to the first element of Cabibbo-Kobayashi-Maskawa ma-
trix, namely the V,q term. Indeed, to obtain the ft val-
ues for B-decay of 07 — 07 super-allowed Fermi type,
the isospin mixing value is an important correction to be



made for the nuclear matrix element [2—6].

The breaking of isospin symmetry induces a mixing be-
tween states with different isospin values. The theoretical
treatment of the isospin symmetry violation involves a
subtle balance between the attractive short-range strong
force and the repulsive long-range Coulomb interaction,
which polarizes the entire nucleus. Consequently, a no-
core framework should be used in dealing with nuclear
structure problems, such as that of the energy difference
in mirror nuclei and in isobaric triplets [7]. Recently,
using the nuclear Density Functional Theory DFT [6]
containing the no-core feature, new predictions were ob-
tained for the mirror energy difference [7]. The same
framework was also used to compute the isospin mixing
coefficient as a function of mass. It was found that there
is a need of contributions from isospin mixing to repro-
duce the mirror energy data. Furthermore, it turned out
that use of the DFT model is ideal for medium mass nu-
clei, as for them a reliable shell-model interpretation is
not always feasible, due to the large size of the required
valence space [8].

Values of isospin mixing should be deduced from exper-
iments to constrain theory and this can be achieved with
observables sensitive to this quantity, as the E1 transi-
tions in N=Z nuclei (as described in the text below). This
is necessary both to obtain the matrix element of the beta
decay and to understand nuclear structure features.

In this Letter a new experimental work providing data
on isospin mixing coefficient for A=60, obtained through
the ~v-decay of the Giant Dipole Resonance (GDR), is
presented. The main motivations are: i) to test pre-
dictions of the mass dependence of the isospin mixing by
providing data in a region where these effects become im-
portant; ii) to provide a stronger base to the technique
that uses the GDR decay in compound nuclei which al-
lows to populate N=Z with stable ions up to A=80; iii) to
extract an overall picture by comparing the results from
this technique with mass measurements, beta decay, and
E1 transitions among low-lying levels.

The technique used in the present work consists in de-
tecting the E1 decay in nuclei with N=Z which, for the
selection rules of this symmetry, is forbidden unless there
is a mixing of states with different isospin values. Since
these mixings are rather small, the GDR, concentrating
almost 100% of the E1 strength, represents a good probe
to search for forbidden decays and to find a signature of
the isospin mixing in nuclear states.

For N = Z nuclei with medium mass, as they are unsta-
ble, the approach that can be used is to form, via fusion
reactions, compound nuclei (CN) with N = Z at finite
temperature (T) and then deduce isospin mixing at T=0
using the model reported in Ref. [9]. In the long wave-
length approximation, E1 transitions, as those from the
GDR, are possible only between states with difference in
isospin value equal to 1 (Al = 1). In heavy ion reactions
around the Coulomb barrier using self-conjugate projec-

tile and target nuclei, namely both with an equal number
of protons and neutrons, the compound nucleus (CN) has
N=Z and thus is populated with isospin [=0 and can de-
cay by El transitions only to states with isospin I=1,
characterized by a level density lower than that of I = 0
states. However, if the initial state has some degree of
isospin mixing (and thus it has a small I=1 component)
its E1 decay to the more numerous I=0 states can oc-
cur. This technique, proposed firstly in Ref. [11], was
employed so far only in few other works concerning the
A= 30 [10-13] and A=80 [14, 15] mass regions. However,
only in the case of A=80 a complete analysis of the data
at two different temperatures was made, allowing to infer
the isospin mixing coefficient at zero temperature by us-
ing the model of Ref. [9]. One should also point out that
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 statis-
tical analysis of the measured spectra (sec e.g. [16-18]).
In addition, at finite temperature, one expects a partial
restoration of the isospin symmetry because the degree
of mixing in a CN is limited by its finite lifetime, as pre-
dicted by Wilkinson [19].

The present experiment was performed at the Legnaro
National Laboratory LNL (INFN;, Italy) employing heavy
ion beams from the TANDEM accelerator to measure
the v decay from the fusion-evaporation reaction 32S +
28Gi at two different bombarding energies, 86 and 110
MeV, leading to the CN 69Zn with isospin I=0, as both
beam and target have N=Z. A second reaction, namely
3284 30Gi at 75 and 98 MeV, leading to the CN %2Zn
with non-zero isospin, was measured and used as a refer-
ence. The bombarding energies were chosen so that both
compound nuclei were populated at the same excitation
energies, namely E* = 47 MeV and E* = 58 MeV. The
corresponding temperature of the CN on which the GDR
is built, is 2 MeV and 2.4 MeV, as deduced from the ex-
pression T = \/(E* — Ecpr — Frot)/a where Egpr is
the GDR energy, E,ot is the rotational energy, a = A/8
MeV~! is the level density parameter and A the mass
number.

The experimental setup consisted of the GALILEO de-
tection system, including 25 HPGe detectors [20], cou-
pled to an array of 10 LaBrs(Ce) scintillator detectors.
These LaBrs(Ce) detectors were used to measure v decay
up to 25 MeV and were calibrated using 15.1 MeV ~-rays
from the reaction ''B 4+ d —'2 C +n at 19.1 MeV. The
HPGe detectors were used to identify the type of resid-
ual nuclei produced in the reactions. By inspecting the
low-energy spectra measured with the HPGe detectors,
an oxygen contamination in the targets was seen. There-
fore, some of the experimental runs were repeated with
better quality targets. In addition, by comparing sta-
tistical model calculations (see below for details) for the
60:627n and **Cr compound nuclei, the latter populated
by fusion with oxygen, it was found that the GDR decay




in the region of interest (10-18 MeV) is not significantly
affected by the target contamination.

The analysis of the measured high energy ~-ray spectra
was made using the statistical model and it was mainly
based on three steps: i) the fit of the ©2Zn data to obtain
the GDR parameters, namely strength, width and cen-
troid; ii) the fit of the %9Zn spectra using the parameters
from step 1 and varying the Coulomb spreading width as
the only free parameter; iii) the evaluation of the isospin
mixing coefficient using the parameter obtained from step
2. For the statistical model calculations, the version of
the code CASCADE [22, 23] including the isospin formal-
ism (as in Ref. [14]) was employed. The isospin mixing
is included according to the parametrization of Harney,
Richter and Weidenmiiller [24] in which the mixing be-
tween the state I. = Iy and I. = Iy+1 is considered,
where I is isospin of the initial CN state. At finite ex-
citation energy, the compound nucleus exhibits a decay
width F; and a mixing probability, oé, that are defined
as
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where, oé represents the mixing of states with I> with
states with I<. In this expression I‘é is the Coulomb

spreading width of the states 2. Fé is rather constant

with excitation energy while FT2 increases rapidly, thus
a partial restoration of isospin symmetry at high exci-
tation energy is expected. All calculations were folded
with the detector response function and normalized to
the experimental data in the energy region 5-6 MeV.

The GDR parameters were deduced by fitting the 62Zn
data with statistical model calculations, in which the
Coulomb spreading width was set to zero, and minimiz-
ing the Figure Of Merit (FOM), defined as x? over the
number of counts [17], between 12 and 17 MeV. The ob-
tained GDR parameters, Egpr = 18.4 £ 0.1 MeV and
T'epr=11.6 &+ 0.2 MeV for T=2 MeV and Eqgpr = 18.1
+ 0.1 MeV and I'gpr = 12.6 &+ 0.2 MeV for T=2.4 MeV,
are in line with the existing systematics. The correspond-
ing computed spectra are shown together with the data
in panel (a) of Fig.1. In the inset, the occurrence dis-
tribution for which the FOM of the Eqpr-I'¢pr pair is
minimum, is displayed. The error bars are deduced from
a Gaussian fit of the projections of this distribution.

As previously described, the Coulomb spreading width
is an important quantity which is connected to the den-
sity of states with isospin 1 and to the matrix element
of the Coulomb interaction from a state with isospin 0
to a state isospin 1. It can be obtained from experiment
and in this case it was deduced from the ratio of the ex-
perimental data for 9Zn and for %2Zn, where only the
first ones depend on the isospin mixing. Therefore, in
this fit the Coulomb spreading width was the only free
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FIG. 1: Panel (a): experimental spectra for ®Zn at
T=2 MeV (blue points) and T=2.4 MeV (red points)
and the best fitting statistical model calculations
corresponding to the minimum of the FOM for the
variation of energy and width of the GDR
(Ecpr,I'¢pr). The occurrences distribution for which
the FOM is minimized is displayed in the inset for the

627n nucleus at T=2 MeV.

Panel (b): experimental spectra for 99Zn at T=2 MeV
(blue points) and T=2.4 MeV (red points) and
statistical model calculations corresponding to the
values of the Coulomb spreading width obtained by
fitting the ratio spectra of Fig.2.

parameter since the GDR parameters were fixed to be
those obtained from the fit of the 2Zn data. The values
corresponding to the minimum of the y? are T = 5(3)
keV at T=2 MeV and I'¥ = 7(3) keV at T=2.4 MeV. The
error bars were obtained as combination of two different
errors: one comes from the propagation of the errors of
the GDR parameters and the other from the minimiza-
tion procedure of the T'*. The calculations corresponding
to the best fitting values of T'* are shown in panel (b) of



Fig.1. The ratio spectra from these measurements are
presented in Fig.2 together with calculations for differ-
ent values of I'*. The insets show the occurrence distri-
butions for which the x? is minimized.
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FIG. 2: The experimental and calculated ratio spectra
607n/%2Zn are shown in panels (a) and (b), for T=2 and
2.4 MeV, respectively. The curves (shown with different

colors as indicated in the legend) are statistical model

calculations corresponding to different values of the
Coulomb spreading width, namely I'¥= 0, 5 keV for

T=2 MeV, 0 and 7 keV for T=2.4 MeV, and 10, 15, 50

keV for both temperatures. In the insets the occurrence
distributions for which the x? is minimized are
displayed.

It is interesting to compare the value of I'V extracted
from the GDR decay at finite temperature with those
existing in the literature [24, 25], mostly concerning the
TAS width and also from other methods. Fig.3 shows
these data for mass values A=30, 60 and 80 for which
GDR data exist. The present work confirms that 't is
a quantity that does not depend on temperature. This
is consistent with the finding at A=80 (Ref.[15]), having
a similar error bar, and also with that at A~ 30 where

the datum from GDR has a larger error but still within
the large spread of values from other observables [13].
In addition, the similarity of the results from different
methods indicates that they come from the same physical
mechanism [26, 27].
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FIG. 3: The Coulomb spreading width obtained in the
present work shown together with the values for other
mass regions deduced from GDR v-decay measurements
in compound nucleus reactions [13-15]. The colored
bars indicate the spread of values reported in literature
and obtained with other methods.

Following the prescriptions used in Ref. [14, 15], we
deduced the degree of mixing at angular momentum J=0
and we found o?s = (2.1 + 1.2)% at T=2 MeV and
a?s = (1.8 £ 0.8)% at T=2.4 MeV. These results of
the isospin mixing are rather constant with temperature,
mainly due to its small change of only 0.4 MeV for the two
measurements. In general, the isospin mixing is expected
to decrease with temperature as a result of a dynamical
mechanism in the nucleus governed by the lifetime of the
system, which decreases with excitation energy. In the
case of Z=40, for which data were obtained at two very
different temperatures, this effect of the decrease with
increasing temperature of the isospin mixing was instead
clearly seen.

The isospin mixing for the ground state was deduced
from its value at finite temperature by using the model of
[9], already tested for the nucleus 8°Zr [15]. Within this
approach, the variation of the mixing probability with T
is given by

9 1

a>(T)

_ FIiAS (2)
I() +1 FCN (T) + v (IAS)

where F%AS is the width of the IAS, to be considered
equal to I‘i, Irvm(IAS) is the width of the Isovector
Monopole Resonance (IVM) at the excitation energy of



the TAS, which is expected to be constant with T and
T'cn is the compound nucleus decay width that increases
with T. Trym(TAS) is not expected to vary significantly
in the mass interval 60-80 so that the value of 240 keV
[1, 9, 14, 15], previously deduced for 8°Zr, was here used.
For the nucleus ®°Zn the isospin mixing probability at T
= 0 deduced from this experiment is a2> =2.5% + 0.8%.

With this new experimental point for a2> at A=60,
obtained with the same technique used for the existing
datum at A=80, we can provide a good test to theory
in this particular mass region where a sharp increase is
expected. Moreover, this finding for a2, consistent with
that for %4Ge [28] from a low-lying state analysis, sup-
ports the validity of this technique involving a well es-
tablished statistical model analysis of the GDR spectra
and the use of a model to extract the zero temperature
values. In figure 4 the data from ~y-decay are compared
with two predictions [4], based on isospin- and angular
momentum-projected DFT calculations, which are indi-
cated with Theory 1 (Theory 2) and they were obtained
after (before) performing the rediagonalization on the
isospin basis. This comparison indicates that the redi-
agonalization is important to describe the isospin mixing
data. The isospin mixing, within the extended mean-
field approach of these not perturbative predictions, takes
into account long-range polarization effects due to the
Coulomb interaction.

The correction term from isospin-mixing breaking d¢
for the first term (Vud) of the CKM matrix was deduced
from the a2> value from both experiments and predic-
tions. According to the prescription of Ref. [30] d¢ is
connected to a2> via the expression:

Vi
41€A%/3

where V; = 100 MeV, £ = 3, and I is the isospin of the
nucleus. This quantity is shown in the inset of Fig.4 for
the mass region 50-100. The curve is extracted, trough
Eq. 3, from the predictions of a2 (T=0) of Theory 1
while the data are from the GDR experiments (violet and
red stars), beta-decay experiments (black points) and a
mass measurement (blue triangle). The isospin breaking
correction ¢ is sizable in this mass region and increases
rather sharply following the trend of the isospin mixing.

In summary this experiment has allowed to deduce
for the first time the isospin mixing coefficient for A=60
using the GDR v-decay from compound nuclei. This new
finding supports the validity of this experimental tech-
nique based on the measurement of the GDR ~-decay in
N=Z compound nuclei to give insight into the problem of
isospin mixing. A good test of theory in the mass region
A=60-80 is provided by the GDR data making more
reliable the evaluation of the isospin-mixing correction
necessary to deduce the features of the weak interaction
from beta decays. In addition, a better knowledge of
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FIG. 4: Data and predictions for the isospin mixing
coefficient a2 at T=0. The violet and red stars, from
GDR ~-decay, are for °°Zn (this work) and 80Zr [15],

respectively. The green square shows the value for 54Ge
from Ref. [28] deduced from a low-lying E1 transition.
The curves are calculations from Ref. [4]. The
dash-point (dash) line, indicated as Theory 1 (Theory
2), corresponds to calculations obtained after (before)
performing a rediagonalization on the isospin basis. The
inset displays the isospin mixing correction d¢, related
to a2, which is employed to extract the Ft values from
beta decay. Black circles, from Ref. [2], were deduced
from S-decay, the blue triangle was obtained from the
mass measurement [29], the red star is from Ref. [15]
while the violet star is from the present work. The
black line in the inset is extracted, through Eq. 3, from
the predictions of a2 (T=0) of Ref. [4], here denoted as
Theory 1.

the isospin-mixing correction has implications for the
predictions of the structural difference of mirror nuclei.
Future efforts should go in the direction of studying
heavier CN towards '°°Sn using radioactive beams by
exploiting this technique which gives access to regions
not directly accessible at T = 0.
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