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Isospin mixing in theN = Z nucleus64Ge
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Abstract

The N = Z nucleus64Ge has been investigated in two experiments using the EUROBALL III and EUROBALL IV
spectrometers coupled to ancillary devices. Multipole mixing ratios, linear polarization and picosecond lifetimes for various
transitions have been measured. The linear polarization results determine unambiguously the multipole character of the
5− → 4+ 1665 keV transition, allowing to extract the electric dipole strength and to investigate for the first time the amount of
isospin mixing implied by the presence of a forbidden E1 transition.
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One of the challenges of modern nuclear physics
is the exploration of the limits of validity of the
isospin symmetry for increasing values ofZ andA.
Theoretical estimates, limited to the ground state of
even–even nuclei [1,2], show that the amount of
isospin mixing increases with the nuclear massA

and, for a givenA, is maximum forN = Z. A good
understanding of the mechanism of isospin mixing in
nuclei close to theN = Z line is necessary in order
to perform reliable corrections in deriving the Fermi
constantGV from the Logf t-values of superallowed
Fermiβ decays, which needs further experimental and
theoretical investigations [3,4]. In particular, it is not
clear whether and how these correction terms should
vary with increasingA [5–7], and it is, therefore,
important to extend the study of isospin violating
processes to the heaviest nuclei available, up to the
limit of the proton drip line.

A possible way of studying the violation of isospin
symmetry induced by the Coulomb interaction is the
observation of E1 transitions in even–evenN =Z nu-
clei. In the long-wavelength limit, the matrix elements
of the nuclear E1 operator vanish when both the ini-
tial and final states have equal isospinT andT3 = 0
[8]. This is typically the case for the low-lying lev-
els in even–evenN = Z nuclei, where electric di-
pole transitions should therefore be forbidden. How-
ever, the Coulomb interaction induces an admixture
between these low-lyingT = 0 states and the higher-
lying T = 1 states of the same configuration having
the same spin and parity. Electric dipole transitions are
thus allowed between theT = 0 (T = 1) component of
the initial state and theT = 1 (T = 0) component of
the final one. The observed E1 strength is, therefore,
a signature of the isospin mixing.

In the N = Z = 32 nucleus64Ge, an intense
1665 keV transition, deexciting the 5− level to the 4+
level with an assigned electric dipole character, was
already observed by Ennis and co-workers [9]. This
was pointed out as an evidence of Coulomb-induced
isospin mixing. The same authors suggested that
an experimental measurement of the electric dipole
strength would be needed to extract the amount of
isospin mixing. In that experiment, it was not possible
to determine the multipole mixing ratioδ of the
1665 keV transition, which was assigned a stretched
electric dipole character withδ ≈ 0 on the basis of
systematics arguments. Since the measurement of this

parameter is of paramount importance in order to
firmly extract the electric dipole strength, we have
investigated the angular distribution and the linear
polarization of the 1665 keV transition deexciting the
negative-parity band in64Ge.

Two experiments have been performed with the
goal to study isospin mixing in64Ge. The first one was
performed at the Laboratori Nazionali di Legnaro us-
ing the EUROBALL III γ -ray spectrometer coupled
to the ISIS Si-ball [10] and to the neutron–wall de-
scribed in [11]. The64Ge nuclei were populated via
the40Ca(32S,2α)64Ge reaction at 125 MeV beam en-
ergy, using a 1 mg/cm2 thick 40Ca target evaporated
on a 12 mg/cm2 thick gold backing. The electronic
trigger condition was such that when five germanium
signals, without Compton suppression, were in coin-
cidence, the “event” was accepted and subsequently
written on tape.

Multipolarities have been assigned to the transi-
tions through comprehensive angular distribution and
polarization correlation analyses. The spins of the
levels concerned were initially determined through
a directional correlation from oriented states (DCO)
analysis, which, however, did not allow us to deter-
mine the multipole mixing ratioδ for the 1665 keV
transition. Thus, we had to extract values forδ and
σ/J from an angular distribution analysis. The data
were sorted into separate matrices for each ring of
detectors (or of individual parts of composite detec-
tors), with the first axis corresponding to the given ring
and the second axis corresponding to the whole EU-
ROBALL spectrometer. Some firmly assigned transi-
tions were used as an internal reference to extract the
necessary parameters for the analysis of the angular
distribution data, which were subsequently fitted si-
multaneously in the normalization parameterA0, in
δ and inσ/J with the code MINUIT [12]. A polar-
ization correlation from oriented states analysis using
the Clover detectors of EUROBALL as Compton po-
larimeters was performed, as described in [13]. For
each intense transition, the asymmetry parameterA,
defined asA = (N⊥ − N‖)/(N⊥ + N‖), was deter-
mined, whereN⊥ and N‖ stand for the number of
coincidences between two sectors of the Clover in a
direction perpendicular and parallel to the beam direc-
tion, respectively. The value of the polarimeter sensi-
tivity Q, relating the measured asymmetry to the linear
polarizationP , was obtained through a Monte Carlo
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simulation using GEANT III subroutines modified to
include the effect of the linear polarization [14,15].
The values ofQ thus obtained were found to be in
excellent agreement with the values deduced from our
experimental data for firmly assigned transitions.

The decay scheme deduced from the EUROBALL
data set is shown in Fig. 1. Our analysis confirms most
of the results of Ennis and co-workers [9], with the no-
table exception of the 1665 keV transition. The results
of the angular distribution and polarization correlation
analyses, shown in Fig. 2, confirm a 5− → 4+ tran-
sition, but with a much larger multipole mixing ratio
than the tentative assignment of Ref. [9]. In our analy-
sis of the angular distribution data for the 1665 keV
transition, two solutions are found by the fitting sub-
routines, one corresponding to a large multipole mix-
ing ratioδ = −3.9+0.7

−0.4 and the other to a small multi-
pole mixing ratioδ = −0.09(3). The former solution
has a reducedχ2 valueχ2

ν = 0.54 and is favoured by
statistical arguments over the latter, which hasχ2

ν =
0.80. No other minima are found in the plot ofχ2

vs. δ. With such a large value ofδ for the 1665 keV

transition, one would tend to assume a mixed E2/M1
character, in contrast with the systematics of the light
even germanium isotopes [16]. Our results from the
linear polarization analysis support the systematics ar-
gument favouring a parity-changing transition, since
the measured asymmetry for the 1665 keVγ -ray,
A = −0.09(5), turns out to be in agreement with a
parity-changing transition with large negativeδ (while
it would imply no parity change in the caseδ ≈ 0).
Therefore, our conclusion is that the 1665 keVγ -ray
has a mixed E1/M2 character with a large negative
multipole mixing ratio, corresponding to a quadrupole
content of about 93%.

A careful inspection of the lineshapes of the tran-
sitions in spectra from the EUROBALL III experi-
ment allowed us to ascertain that the lifetime of the
Iπ = 5− level was definitely outside the range of the
Doppler shift attenuation method. Thus, it was decided
to determine the transition probabilities with the re-
coil distance Doppler shift technique. A second ex-
periment was therefore performed at the Institut de
Recherches Subatomiques, Strasbourg, using the EU-

Fig. 1. Decay scheme for the64Ge nucleus, deduced from the EUROBALL III experiment. The widths of the arrows are proportional to the
intensities of the transitions.
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Fig. 2. Left: angular distribution data for the 1665 keVγ -ray in 64Ge. The curve corresponding to the best fit valuesσ/J = 0.38, δ = −3.9
is also sketched. Right: polarization correlation data for the 1665 keVγ -ray in 64Ge (δ = −3.9+0.7

−0.4) and for the 1510 keVγ -ray in 66Ge

(δ = −0.023+0.005
−0.008).

ROBALL IV array coupled to the Köln plunger de-
vice [17], which is especially designed for coincidence
measurements. The plunger was equipped with an au-
tomatic feedback system to preserve a constant target
to stopper distance, compensating the temperature de-
pendent effects. The same reaction32S on 40Ca was
employed as in the Legnaro experiment, but in this
case the beam energy was increased toE = 137 MeV,
in the attempt to increase the production cross section
for 64Ge. The electronic trigger condition required co-
incidence of four unsuppressed germanium detectors.
Data were collected for 8 different target-to-stopper
distances, ranging between 2 and 5000 µm.

In this second experiment, we could observe levels
up to theIπ = 9− at 5373 keV excitation energy.
The decay of the 9− level was found to be quite
fast, since its deexciting 1127 keVγ -ray showed no
stopped component already at the second smallest
target-stopper distance. From our data, one can only
deduce an upper limitτ9− � 4 ps. In the remaining
part of the analysis, we assumedτ9− = 0. The decay
data for the 528 keV transition deexciting the 7− level
and for the 1665 keV transition deexciting the 5−
level are shown in Fig. 3 together with the curves
corresponding to the best fit values for the lifetimes
of the levels. In the case of the 7− level, the decay

data for the 528 keV transition were fitted with a
simple exponential curve. The errors were evaluated
with the method outlined in Ref. [18], assuming a
68% confidence level. A possible side feeding with
effective lifetime τSF was considered, which turned
out to be negligible (τSF = 0). The result wasλ7− =
0.0232+0.0016

−0.0013 ps−1, implying τ7− = 43.1+2.9
−2.5 ps. In

the case of the 5− level, the non-zero lifetime of
the 7− level was taken into consideration by fitting
simultaneously the decay data for the 528 keV feeding
transition and the 1665 keV deexcitingγ -ray. The
results obtained by leavingτ7− as a free parameter or
fixing it to the value obtained previously were found to
be in mutual agreement. Also in this case, the effects of
the sidefeeding were found to be negligible. The result
wasλ5− = 0.041+0.006

−0.005ps−1, that isτ5− = 24.2+3.5
−2.9 ps.

Having at disposal the multipole mixing ratio for
the 1665 keVγ -ray, the intensities of the transitions
deexciting the 5− level relative to the 2+ → 0+ tran-
sition (for which I0 = 1000 is assumed), namely,
I1665= 567(18), I1048= 130(9) andI747= 89(6) and
the lifetime of the 5− level, the transition strengths can
be determined. The results for the 1665 keV transi-
tion areB(E1) = 2.47+0.91

−0.57 × 10−7 W.u., B(M2) =
6.06+1.59

−1.13 W.u., where errors have been combined
quadratically in the usual way. For comparison, in
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Fig. 3. (a) Decay curve for the 528 keVγ -ray deexciting the 7− level. A simple exponential decay is assumed. (b) Decay curve for the 1665 keV
transition deexciting the 5− level. The finite lifetime of the 7− level is considered. See text for details.

the case of66Ge the deduced strengths for the cor-
responding 5− → 4+ transition of 1510 keV are
B(E1) = 3.7(6)× 10−6 W.u. andB(M2) = 0.39(7)×
10−2 W.u., given the lifetime of theIπ = 5− levelτ =
32(3) ps [16]. Although the lifetimes of theIπ = 5−
levels in 64Ge and66Ge are quite similar, theB(E1)
strengths differ by an order of magnitude due to the
large difference in the multipole mixing ratios. The
resultingB(M2) strength in64Ge is large compared
to the corresponding transition in66Ge, but is not so
far from that of the similar transition in68Ge, which
hasB(M2) = 0.71(11)W.u. [16]. This suggests that in
66Ge there is an accidental cancellation of the isoscalar
and the isovector components of the M2 transition
amplitude, which does not happen in64Ge and68Ge.
Note also that other transitions with comparably large
B(M2) values are reported in this mass region, as, for
instance, in59Cu [19],63Cu [20],65Ga [21].

In order to estimate the amount of isospin mixing
α2 implied by the presence of a forbidden E1 transi-
tion betweenT = 0 states, a calculation has been per-
formed with the very schematic model described be-
low. The definition forα2 is the following [2]:

(1)α2 = 1

2
〈N =Z|T−T+|N =Z〉.

As the level schemes in the two isotopes64Ge and
66Ge [16] are almost identical in the low-energy part,

we assume that the corresponding states in the two
nuclei have identical wavefunctions, apart from a pair
of correlated particles in66Ge (or holes in64Ge)
coupled toJ = 0, T = 1. Here, it is interesting to
notice that the assumption made in the erratum of
Ref. [9] of identical B(E2) strength for the weak
E2 transitions deexciting the 5− levels in 64Ge and
66Ge is well supported by our experimental results,
being B(E2,747 keV) = 1.0(5) W.u. in 64Ge and
B(E2,886 keV)= 0.4(1) W.u. in 66Ge [16].

In order to really behave like a “spectator”, the
additional pair should lie outside the region of va-
lence (sub)shells: otherwise, the antisymmetrization
of the wavefunction would imply an expansion with
fractional-parentage coefficients. However, neglecting
antisymmetrization could be not too bad an approxi-
mation if the wavefunctions of the parent state and of
the correlated pair are superpositions of a number of
different configurations.

We could assume that the levels of66Ge are
obtained by coupling a pair of correlated neutrons to
theT = 0 states of64Ge. This could be a reasonable
approach, but would lead to the conclusion that the
strength of the E1 transition in66Ge is the same as
in 64Ge, in contrast with the experimental results.
Alternatively, one can assume that the relevant states
of 64Ge are obtained by removing a pair of neutrons
(coupled toJ = 0, T = 1) from the corresponding
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states of66Ge. However, the state thus obtained would
not have good isospin. In order to project onto a pure
T subspace, one must include in the wavefunction all
the terms corresponding to different parent states of
the isospin triplet withA = 66:

|A = 64, J, T , T3 = 0〉

(2)

= ∣∣[(A = 66, J, T = 1)

⊗ (
h2, J = 0, T = 1

)]
J, T , T3 = 0

〉
,

where the tensor product is performed in the isospin
space, and the resulting isospinT in 64Ge can be equal
to 0, 1 or 2.

Now, we take into account the isospin mixing
between theT = 0 and T= 1 states of equalJπ in
64Ge. The wavefunctions of the initial state|i〉 and of
the final state|f 〉 of the E1 transition can be expressed
as:

(3)|i, J 〉 = βi |J, T = 0〉 + αi |J, T = 1〉,
(4)|f, J ′〉 = βf |J ′, T = 0〉 + αf |J ′, T = 1〉

with βx = √
1− α2

x ≈ 1 if αx � 1, to obtain:

(i, J‖M(1)(E1)‖f, J ′)
= αi(J, T = 1‖M(1)(E1)‖J ′, T = 0)

(5)+ αf (J, T = 0‖M(1)(E1)‖J ′, T = 1).

The values of the reduced matrix elements for64Ge
can be related to the corresponding one in66Ge by
standard methods of tensor coupling (in the isospin
space). One obtains:

(i, J‖M(1)(E1)‖f,J ′)(64Ge)

(6)=!α ·
√

2

3
(i, J‖M(1)(E1)‖f,J ′)(66Ge)

with !α = αi − αf . To estimate theminimum isospin
mixing necessary to account for the experimental re-
sults, one considers the situation giving the maximum
E1 strength for a given value ofα2

i +α2
f . This happens

for αi = −αf ≡ α. We obtain, in this case:

B
(
E1, J → J ′, 64Ge

)
(7)= 8

3
α2B

(
E1, J → J ′, 66Ge

)
.

However, one should remember that the mixing with
otherT = 1 states could alter the above conclusions.
For instance, mixing the initial (final) state withT = 1

states having a negligible E1 transition amplitude to
the final (initial) state, would increase the isospin
impurity of the state without any consequence on the
B(E1). On the other side, if severalT = 1 states
contribute to the E1 amplitude through their mixing
in the initial or final state, the resultingB(E1) can
be substantially larger than the weighted sum of
individualB(E1)’s if the contributing amplitudes add
coherently [22].

Substituting the experimental values into Eq. (7),
one would obtain an isospin mixingα2 = 2.50%+1.0%

−0.7%.
This value is of the same order of magnitude as pre-
dicted by various theoretical calculations of isospin
mixing in the ground states of even–even nuclei, see,
i.e., Colò and co-workers [1] and Dobaczewski and
Hamamoto [2]. One should not forget, however, that
the model discussed above considers only a two-level
mixing and makes ad-hoc assumptions to relate the
64Ge and66Ge wavefunctions, while the quoted the-
oretical calculations are based on microscopic wave-
functions and include mixing with a complete set of
states.

To the knowledge of the authors, the present work
is the first experimental investigation of isospin im-
purity in medium-mass nuclei through the observation
of forbidden E1 transitions. It is interesting to observe
that some recent results obtained inβ-decay experi-
ments (see, for instance, the study of52Mn by Schuur-
mans and co-workers [23]) only imply isospin mixing
values approximately two orders of magnitude lower
than the theoretical expectations. However, the Fermi
transition is even more selective than the E1γ -decay,
probing just the isospin impurity related to the mixing
with one particular state (the analog of the daughter
state).

In summary, for the first time the strength of the for-
bidden E1 5− → 4+ transition has been determined
unambiguously in theN = Z nucleus64Ge by mea-
suring the multipole mixing ratio and the linear po-
larization of the transition and the lifetime of the 5−
state. In order to relate the observed E1 strength with
the amount of isospin mixing, we have developed a
very schematic model, where each one of the rele-
vant states of64Ge results from the coupling of a
J = 0 neutron–hole pair to the corresponding state
of 66Ge. The result is consistent with mean-field the-
oretical predictions of isospin mixing for the ground
state.
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