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The value of isospin mixing at zero temperature was recently deduced in
the mass region of 60 < A < 80. The measured values have been obtained
using both fusion—evaporation reactions and exploiting the selection rules
for the emission of electric dipole radiation in N = Z nuclei. The strength of
the «-decay of the IVGDR provides the starting point for the determination
of the value of the isospin mixing probability a?. This quantity is expected
to decrease when the excitation energy increases. In this contribution,
the phenomenon of isospin mixing will be discussed, the measurements
of isospin mixing in 8°Zr and %°Zn, using the IVGDR technique, will be
summarized, some very preliminary data on "?Kr will be presented, and
some perspectives will be given.

DOI:10.5506 / APhysPolBSupp.16.4-A2

1. Introduction

The neutron and proton almost identical mass values (their mass is dif-
ferent by less than 0.2%), the charge symmetry, and the charge independence
of the strong nuclear force field suggested a symmetry between protons and
neutrons. In other words, proton and neutron equal mass and their identical
behaviour in the strong nuclear field suggested, almost one century ago, to
consider them as two quantum states of the same particle called a nucleon.
A ‘new’ quantum number, the “isotopic spin” or “isospin”, was, therefore, de-
fined. In analogy with the spin quantum number, the isospin of the nucleon
should be 1/2, while its third component is —1/2 for the proton and +1/2
for the neutron.
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In this approach, all isobars should be degenerate in energy. The Coulomb
interaction, however, breaks this symmetry in the atomic nucleus and, con-
sequently, breaks the energy degeneracy of the isobars. As isospin is not
anymore a good quantum number, the wave function of a generic nuclear
state does not have a fixed value of isospin. It is instead perfectly defined,
for a specific nucleus, the third component of the isospin quantum number
as (N — Z)/2, where N indicates the number of neutrons and Z the number
of protons. The evidence of the very similar nuclear level scheme in mirror
nuclei, the evidence that N = Z nuclei are not stable for a mass number
larger than 50 and the I.M.M.E. relation [1] show that: (i) the Coulomb
interaction breaks this symmetry, (i) the Coulomb interaction cannot be
neglected, (7ii) the Coulomb interaction is much weaker than the nuclear
one, and that (iv) the Coulomb interaction can be treated using a pertur-
bation approach.

In figure 1, the term «, indicates the calculated degree of mixing (a. = 0
means no mixing). As its value mainly depends on the ‘strength’ of the
Coulomb interaction, a. is expected to increase with the atomic number
(namely the number of protons) of a nucleus [2|. In the past years, sev-
eral calculations of isospin mixing using different approaches have been per-
formed. The predicted values for mass A ~ 80 moved from a value of
approximately 1% (at the end of the sixties) up to 4.5% [2]. In general,
as the percentage of the mixing in N = Z nuclei is expected to be always
smaller than a few %, a main isospin value can be, therefore, assigned to
every nuclear state (one has to remember, however, that some mixing could
always be possible).
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Fig. 1. The expected mixing values in N = Z nuclei at zero nuclear temperature.
The plot is taken from Ref. [2].
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2. Isospin mixing and nuclear temperature

The behaviour of the isospin mixing with the nuclear temperature was
studied in Ref. [3]. In that reference, the authors predict that, as the nuclear
temperature starts to increase, the degree of mixing weakly increases (due to
the increase in the level density). Starting from a nuclear temperature of ap-
proximately 1.0-1.5 MeV, the importance of the mixing strongly diminishes.
For an even higher nuclear temperature (7' > 3 MeV), it should be possible
to observe a gradual restoration of the isospin symmetry. This is due to the
fact that, at high excitation energy, the nuclear decay width overwhelms the
Coulomb interaction width. The excited nucleus, therefore, decays before
the states with different isospin start to mix. This does not mean that, at
high nuclear temperature, isospin mixing does not act but that it does not
have enough time to act. It is a dynamical symmetry restoration due to the
competition between the nuclear lifetime and the Coulomb interaction time
scale. This scenario was first depicted several years ago by Wilkinson [4]
and Morinaga [5]. The relation proposed by Sagawa et al. in [3] is

2 _ 1 FIAS(E*)
To+1 FCN(E*) + FM(E*) ’

(o)

where ITag(E*) is the Coulomb spreading width, I'on(E*) is the Compound
spreading width, and I'vi(E*) indicates the width of the Isovector monopole
resonance (IMR) in the case IMR has the same energy of the IAS. Practically,
Ini(E*) can be considered a free parameter which in Ref. [3] was fixed at

200 keV.
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Fig.2. The calculated nuclear temperature dependence of isospin mixing in 2°8Pb
as reported in [3]. The solid and dashed lines indicate a linear nuclear temperature
dependence for Iy and I1as. The slope parameter is 0.025 and 0.05 respectively.
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Figure 2 and the previous formula show that it is possible to estimate the
zero temperature value of isospin mixing if, in the same compound nucleus,
at least two measurements at two different temperatures are performed. In
fact, even though the Compound width I'on(E*) can be calculated, I1ag(E™)
and I'vi(E*) should be extracted from the data.

3. Measurement of isospin mixing

As isospin cannot be directly measured, one should rely on the theory
and/or on the consequences that the isospin symmetry breaking induces.
For example, the isospin conservation selection rules predict a reduction in
the amount of E1 emission in self-conjugated nuclei for a system in an isospin
zero channel. As the y-decay of the IVGDR is constituted by E1 radiation,
such a selection rule could be used to measure the amount of isospin mixing.

The IVGDR built on a Compound Nucleus (CN) can be populated with
a fusion—evaporation reaction. Using a combination of N = Z projectile and
target, it is possible to produce a CN in the zero isospin channel. Due to the
selection rules, the E1 y-decay from an isospin zero state to another isospin
zero state is forbidden and only E1 decay to states with isospin one is possi-
ble. The presence of isospin mixing makes the initial state a superposition of
isospin zero and isospin one and, therefore, makes the E1 «y-decay to isospin
zero states possible. In the first step of the decay of the N = Z compound
nucleus in a zero isospin state, the amount of high-energy y-rays emitted in
the decay of the IVGDR provides a measurement of the amount of isospin
mixing.

The idea of using the y-decay of the IVGDR to measure isospin mix-
ing was first applied, several years ago, by Harakeh et al. and published
in [6]. In this work, the authors compare the v-emission of the ?®Si com-
pound produced in a zero isospin channel (using, as projectile and target,
N = Z nuclei) with the y-emission of the same CN but in a non-zero isospin
channel (see figure 3). Theoretically, as the gamma decay of the compound
nucleus does not depend on the way the CN is formed, the two measured
spectra should be identical. However, the authors measured very different
high-energy ~-rays spectra (see figure 3). The spectra clearly show that the
excited 28Si does not behave as if isospin is fully mixed but, on the contrary,
shows a very small value of isospin mixing. The very first measurement, us-
ing the IVGDR technique, focused on the extraction of the zero temperature
value of isospin mixing, was published in 2011 for the 8°Zr nucleus [7] (see
figure 4). Five years later, in 2015, the results on the same compound nu-
cleus, 89Zr, but at a different nuclear temperature were published in [8] (see
figure 5). In 2021, the analysis of %°Zn at two different nuclear temperatures
was published [9]. Measurements on "2Kr were performed this winter and
the data are still being analysed. A very preliminary plot is shown in figure 6.
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Fig. 3. The measured spectra of the IVGDR decay in the 22Si compound nucleus.
The nucleus was created in an isospin zero channel (bottom plot) and a non-
isospin zero channel (top plot). The dot-dashed line in the bottom plot indicates
the expected y-emission in the case of fully mixed states, while the dashed line
indicates the expected y-emission in the case of no mixing. The plot is taken from
Ref. [6].

The procedure used by all these works follows closely the one of Ref. [6].
It is based on the production of two very similar (in mass, nuclear tempera-
ture, angular momentum, etc.) compound nuclei. One is produced in a zero
isospin channel and the other in a non-zero isospin channel. As the selec-
tion rules for E1 radiation are valid only in the former case, the comparison
between the amount of IVGDR E1 ~-transitions between the CN produced
in the two reactions provide a direct measurement of isospin mixing. Prac-
tically, the statistical model analysis of the y-decay of the CN produced in a
non-zero isospin channel provides the IVGDR and statistical model param-
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Fig. 4. The high-energy y-rays spectra measured for the 37Cl4+#4Ca and °Ca+4°Ca
reactions are indicated with filled points. The statistical model calculations are
indicated with the continuous line. The plot is taken from [7].
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Fig.5. The linearized v-rays spectra measured for the 37Cl+44Ca and 4°Ca+4°Ca
reactions. The statistical model calculations are indicated with the dashed and
continuous lines (see legend). The plots were taken from [8].

eters, which will be then used in the analysis of the CN produced in the zero
isospin channel. In this way, only the amount of isospin mixing is left as a
free parameter. In these works, the Coulomb spreading width was found,
as expected, to be either constant or with a very weak dependence on the
nuclear temperature, while the isospin mixing was found to decrease with
the nuclear temperature. The extracted zero temperature values were found
to be in agreement with the predictions of Ref. [2].
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Fig.6. (Colour on-line) The very preliminary high-energy ~-rays spectra measured
for the 31P + 4°Ca (black dotted line) and 328 + 4°Ca reactions (red dashed line.)

The correction due to the isospin symmetry breaking (usually indicated
with ) for the first term (V,4) of the CKM matrix was deduced from the
extracted zero temperature value of the measured isospin mixing following
the prescription of Ref. [10] (see Eq. (26)). The extracted experimental data
are in agreement with the theoretical predictions as shown in the inset of
figure 4 in Ref. [9].

4. Perspectives

It is important to remember that, using the IVGDR technique, it is not
possible to measure the value of the mixing in N = Z nuclei heavier than
mass 108 [11] (}%9Sn is one the heaviest bound N = Z nucleus). In addition,
in the case of nuclei with a mass number lower than 50, more precise data
which uses alternative techniques (like for example the superallowed ( de-
cay) are available. Future efforts should go in the direction of: (i) increasing
the CN nuclear temperature (to observe the dynamical restoration of isospin
symmetry), (ii) decreasing the CN nuclear temperature (to observe the pre-
dicted small increase of the mixing), (i) studying CN around the heaviest
possible mass, namely near 1°°Sn. Unfortunately, measurements (i) and (%),
namely the measurement of isospin mixing in CN at very low 0 < T < 1 MeV
or at very high T' > 3 MeV nuclear temperatures are extremely difficult. In
fact, fusion—evaporation reactions with slow or very fast beams have very
low cross sections and, in addition, practically only the first step y-decay of
the CN can be used to extract a value for isospin mixing. Therefore, one
can expect low statistics and, consequently, large error bars.
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It is instead possible, to use radioactive beams (as, for example, %Ni or
607n) and stable targets (as, for example, 40Ca), to produce a self-conjugated
CN in the proximity of 1°°Sn. The %9Ni nucleus is only two mass units away
from the stable %®Ni and its lifetime is several days. Using a beam energy of
the order of 190 MeV, one can have a fusion cross section of approximately
200 mb. More difficult could be the use of a ®°°Zn radioactive beam as this
nucleus is four mass units away from the stable %4Zn and its lifetime is only
a few minutes.

Such a type of measurements requires a detectors’ array with a large
efficiency for high-energy ~-rays, with excellent time resolution (for the dis-
crimination between 7-rays and neutrons), and with a high granularity for
the measurement of the y-multiplicity.

A possible array, which could be used in this type of experiments, would
be the PARIS array. In fact, PARIS is composed of several, large volume,
fast phoswich detectors. It has a frontal part of 2" x 2" x 2" composed of
LaBrs3 or CeBrs scintillators coupled to 2” x 2” x 6” Nal scintillators, both
read by one PMT. The detectors can be either arranged in clusters of 9
phoswiches each or in other geometries (for example, a wall geometry was
used in Orsay). The total energy deposited in one phoswich is obtained by
an off-line add-back procedure applied to the energies deposited in the two
parts of the phoswich. The energy deposited in the whole cluster is obtained
by summing the energy deposited within each phoswich.

The very important feature of the PARIS array is its efficiency for high-
energy y-rays and its excellent time resolution (it was measured to be smaller
than 1 ns). Figure 7 shows the simulated efficiency of PARIS for different
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Fig.7. The simulated efficiency for different configurations for the PARIS array.
The plot was taken from the PARIS White Book [12].
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configurations. A second important characteristic of the PARIS array con-
sists in its high granularity. In fact, the frontal 2”7 x 2" x 2” LaBr3/CeBrs
scintillator can stop with high-efficiency low-energy gamma rays. Therefore,
these frontal crystals (the PARIS array consists of more than 8 clusters,
namely of more than 72 phoswiches) can act as a very efficient and granular
multiplicity filter to measure the coincidence fold. Starting from the mea-
sured coincidence fold, it is possible to extract the multiplicity of the ~v-rays
and the angular momentum of the compound nucleus.

5. Conclusion

The phenomenon of isospin mixing at zero nuclear temperature can be
deduced in the mass range of 50 < A < 110 using the y-decay of the IVGDR.
This technique exploits the selection rules associated with the isospin sym-
metry, namely that the E1 transition in N = Z nuclei in zero isospin channel
must link states with A7 = 1 not Al = 0 isospin. It is then possible (us-
ing the IVGDR ~-decay) to measure the amount of isospin impurity in the
nuclear wave function. This is not a direct measurement and the results
are somehow dependent on the used IVGDR parameters and the parame-
ters of the statistical model. In addition, at least two measurements of the
same compound are necessary to extract the zero temperature values of the
isospin mixing. This technique can be applied only for self-conjugated CN
in a zero isospin channel and in the 50 < A < 110 mass region. The ‘Holy
Graal’ for such a type of measurement is the use of the proton-rich radioac-
tive beam to measure isospin mixing around °°Sn. For larger values of mass
(A > 110), other techniques (different from the IVGDR and 3 decay) should
be developed.
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