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FIG. 8. Uncertainty budget for |Vud |2 as obtained from superal-
lowed 0+ → 0+ β decay. The contributions are separated into four
categories: experiment, the transition-dependent part of the radiative
correction (δ′

R), the nuclear-structure-dependent terms (δC − δNS),
and the transition-independent part of the radiative correction #V

R.

decay is to be achieved in the future, it must come first
from improved calculations of #V

R . Furthermore, since #V
R is

common to all other approaches to the measurement of |Vud |—
from neutron decay, T = 1/2 nuclear mirror decays and
pion decays—it provides an ultimate precision limit to them
all, albeit well below the experimental uncertainties which
currently dominate those measurements. In 2008, we identified
improvements to #V

R as the highest priority theoretical goal,
and it remains so today. The impact of any improvement would
be immediate: If the #V

R uncertainty were cut in half, the |Vud |2
uncertainty would be reduced by 30%.

The nuclear-structure-dependent corrections (δC − δNS) are
the second most important contributors to the overall uncer-
tainty assigned to |Vud |2. Their contribution has been slightly
reduced since 2008 as a result of improved experimental
precision which, as already noted, has made possible a
discriminating test for the efficacy of any set of calculated
isospin-symmetry-breaking corrections, δC. As a result, we

have been able to select the only set in good agreement with
the expectation of CVC that all measured transitions should
have the same F t values within statistical uncertainties. This
is an example of experiment contributing to the reduction
of a theoretical uncertainty. Further benefits from the same
approach can also be anticipated in the future with the
completion of more mirror pairs of 0+ → 0+ transitions—at
A = 26, 34, and 42, for example—and with even higher
precision in the already well-known f t values.

Of course, the motivation for improving |Vud | is to tighten
the uncertainty on CKM unitarity as a probe for physics beyond
the standard model. This would obviously benefit from a
resolution of the current conflict in the determinations of |Vus |.
Nevertheless, regardless of which current value for |Vus | one
accepts, its contribution to the uncertainty on the unitarity
sum is from 15%–35% less than that of our current value of
|Vud |. (The relative precision of |Vud | is, however, more than
an order of magnitude tighter than that of |Vus |.) Thus, any
improvement in |Vud | will have a direct beneficial impact on
the uncertainty of the unitarity sum.

There is another important outcome of the superallowed
F t values that often gets less attention than it deserves: the
experimental limit that it yields on the possible occurrence
of a scalar interaction. The limit set here on the ratio of
scalar-to-vector currents is the tightest available anywhere and
it can clearly be improved. As a glance at Fig. 7 will show,
the two lightest superallowed transitions—those from 10C and
14O—are crucial in setting the limit on a scalar interaction.
Both have relatively large uncertainties. Both also present
experimental challenges, particularly in the measurement of
their branching ratios. There is no doubt, though, that an
appreciable improvement in their F t values would pay off
handsomely.
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FIG. 2. (a) In the top panel are plotted the uncorrected experi-
mental f t values as a function of the charge on the daughter nucleus.
(b) In the bottom panel, the corresponding F t values are given; they
differ from the f t values by the inclusion of the correction terms δ′

R ,
δNS, and δC. The horizontal gray band gives one standard deviation
around the average F t value.

of χ2/ν associated with the current F t result is higher than
the corresponding value in 2008 but this undoubtedly reflects
the fact that one additional transition has been added and the
data for some of the other transitions are more precise today
than they were 6 years ago. In any case, the confidence level
for the new result remains very high: 91%.

C. Uncertainty budgets

We show the contributing factors to the individual F t-value
fractional uncertainties in two figures. The first, Fig. 3,
encompasses the nine cases with stable daughter nuclei. Their
experimental parameters have been measured with increasing
precision for many years, so we refer to these as the “traditional
nine.” The remaining eleven cases, of which five now approach
the traditional nine in precision, appear in Fig. 4. In both
figures, the first three bars in each group of five show the
contributions from experiment, while the last two correspond
to theory. Although we are now treating the contribution from
δ′
R as a systematic uncertainty that is applied to the final

average F t , nevertheless we show a bar as a rough guide
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FIG. 3. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that con-
tributes to the final F t values for the “traditional nine” superallowed
transitions. The bars for δ′

R are only a rough guide to the effect on
each transition of this term’s systematic uncertainty. See text.
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FIG. 4. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that
contributes to the final F t values for the 11 other superallowed
transitions. Where the error is cut off with a jagged line at 40 parts in
104, no useful experimental measurement has been made. The bars
for δ′

R are only a rough guide to the effect on each transition of this
term’s systematic uncertainty. See text.
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and the transition-independent part of the radiative correction #V
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decay is to be achieved in the future, it must come first
from improved calculations of #V

R . Furthermore, since #V
R is

common to all other approaches to the measurement of |Vud |—
from neutron decay, T = 1/2 nuclear mirror decays and
pion decays—it provides an ultimate precision limit to them
all, albeit well below the experimental uncertainties which
currently dominate those measurements. In 2008, we identified
improvements to #V

R as the highest priority theoretical goal,
and it remains so today. The impact of any improvement would
be immediate: If the #V

R uncertainty were cut in half, the |Vud |2
uncertainty would be reduced by 30%.

The nuclear-structure-dependent corrections (δC − δNS) are
the second most important contributors to the overall uncer-
tainty assigned to |Vud |2. Their contribution has been slightly
reduced since 2008 as a result of improved experimental
precision which, as already noted, has made possible a
discriminating test for the efficacy of any set of calculated
isospin-symmetry-breaking corrections, δC. As a result, we

have been able to select the only set in good agreement with
the expectation of CVC that all measured transitions should
have the same F t values within statistical uncertainties. This
is an example of experiment contributing to the reduction
of a theoretical uncertainty. Further benefits from the same
approach can also be anticipated in the future with the
completion of more mirror pairs of 0+ → 0+ transitions—at
A = 26, 34, and 42, for example—and with even higher
precision in the already well-known f t values.

Of course, the motivation for improving |Vud | is to tighten
the uncertainty on CKM unitarity as a probe for physics beyond
the standard model. This would obviously benefit from a
resolution of the current conflict in the determinations of |Vus |.
Nevertheless, regardless of which current value for |Vus | one
accepts, its contribution to the uncertainty on the unitarity
sum is from 15%–35% less than that of our current value of
|Vud |. (The relative precision of |Vud | is, however, more than
an order of magnitude tighter than that of |Vus |.) Thus, any
improvement in |Vud | will have a direct beneficial impact on
the uncertainty of the unitarity sum.

There is another important outcome of the superallowed
F t values that often gets less attention than it deserves: the
experimental limit that it yields on the possible occurrence
of a scalar interaction. The limit set here on the ratio of
scalar-to-vector currents is the tightest available anywhere and
it can clearly be improved. As a glance at Fig. 7 will show,
the two lightest superallowed transitions—those from 10C and
14O—are crucial in setting the limit on a scalar interaction.
Both have relatively large uncertainties. Both also present
experimental challenges, particularly in the measurement of
their branching ratios. There is no doubt, though, that an
appreciable improvement in their F t values would pay off
handsomely.
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B. Ft value error budgets

We show the contributing factors to the individual Ft-value uncertainties in Fig. 4 for the ”traditional nine” cases
and in Fig. 5 for the remaining eleven. For most of the cases that contribute to the CVC test – 26Alm to 54Co in
Fig. 4 as well as 62Ga and 74Rb in Fig. 5 – the theoretical uncertainties are greater than, or comparable to, the
experimental ones. In these cases, the nuclear-structure-dependent correction, δC − δNS , contributes an uncertainty
of 3-7 parts in 104 to all Ft values between 26Alm and 54Co but jumps up to 20-30 parts in 104 for 62Ga and 74Rb
because of nuclear-model ambiguities. For its part, the nucleus-dependent radiative correction, δ′R, has an uncertainty
that starts very small but grows smoothly with Z2. This is because the contribution to δ′R from order Z2α3 has only
been estimated from its leading logarithm [176] and the magnitude of this estimate has been taken as the uncertainty
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element is

M0 =
∑

α,π

|⟨f |a†
α|π⟩|2. (5)

If isospin is not an exact symmetry, then |i⟩ and |f ⟩ are not
isospin analogs and a correction to M0 needs to be evaluated.
This is the isospin-symmetry-breaking correction, δC , we seek
to determine. It is defined by

M2
F = M2

0 (1 − δC). (6)

Ideally, to obtain δC one would compute Eq. (4) using the shell
model and introduce Coulomb and other charge-dependent
terms into the shell-model Hamiltonian. However, because the
Coulomb force is long range, the shell-model space would
have to be huge to include all the potential states with which
the Coulomb interaction might connect. Currently, this is not
a practical proposition.

To proceed with a manageable calculation, we have devel-
oped a model approach [7,178,179] in which δC is divided into
two parts:

δC = δC1 + δC2. (7)

For δC1, we compute
∑

α,π

⟨f̄ |a†
α|π⟩⟨π |bα|ı⟩ = M0(1 − δC1)1/2, (8)
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lowed 0+ → 0+ β decay. The contributions are separated into four
categories: experiment, the transition-dependent part of the radiative
correction (δ′

R), the nuclear-structure-dependent terms (δC − δNS),
and the transition-independent part of the radiative correction #V

R.

decay is to be achieved in the future, it must come first
from improved calculations of #V

R . Furthermore, since #V
R is

common to all other approaches to the measurement of |Vud |—
from neutron decay, T = 1/2 nuclear mirror decays and
pion decays—it provides an ultimate precision limit to them
all, albeit well below the experimental uncertainties which
currently dominate those measurements. In 2008, we identified
improvements to #V

R as the highest priority theoretical goal,
and it remains so today. The impact of any improvement would
be immediate: If the #V

R uncertainty were cut in half, the |Vud |2
uncertainty would be reduced by 30%.

The nuclear-structure-dependent corrections (δC − δNS) are
the second most important contributors to the overall uncer-
tainty assigned to |Vud |2. Their contribution has been slightly
reduced since 2008 as a result of improved experimental
precision which, as already noted, has made possible a
discriminating test for the efficacy of any set of calculated
isospin-symmetry-breaking corrections, δC. As a result, we

have been able to select the only set in good agreement with
the expectation of CVC that all measured transitions should
have the same F t values within statistical uncertainties. This
is an example of experiment contributing to the reduction
of a theoretical uncertainty. Further benefits from the same
approach can also be anticipated in the future with the
completion of more mirror pairs of 0+ → 0+ transitions—at
A = 26, 34, and 42, for example—and with even higher
precision in the already well-known f t values.

Of course, the motivation for improving |Vud | is to tighten
the uncertainty on CKM unitarity as a probe for physics beyond
the standard model. This would obviously benefit from a
resolution of the current conflict in the determinations of |Vus |.
Nevertheless, regardless of which current value for |Vus | one
accepts, its contribution to the uncertainty on the unitarity
sum is from 15%–35% less than that of our current value of
|Vud |. (The relative precision of |Vud | is, however, more than
an order of magnitude tighter than that of |Vus |.) Thus, any
improvement in |Vud | will have a direct beneficial impact on
the uncertainty of the unitarity sum.

There is another important outcome of the superallowed
F t values that often gets less attention than it deserves: the
experimental limit that it yields on the possible occurrence
of a scalar interaction. The limit set here on the ratio of
scalar-to-vector currents is the tightest available anywhere and
it can clearly be improved. As a glance at Fig. 7 will show,
the two lightest superallowed transitions—those from 10C and
14O—are crucial in setting the limit on a scalar interaction.
Both have relatively large uncertainties. Both also present
experimental challenges, particularly in the measurement of
their branching ratios. There is no doubt, though, that an
appreciable improvement in their F t values would pay off
handsomely.
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FIG. 2. (a) In the top panel are plotted the uncorrected experi-
mental f t values as a function of the charge on the daughter nucleus.
(b) In the bottom panel, the corresponding F t values are given; they
differ from the f t values by the inclusion of the correction terms δ′

R ,
δNS, and δC. The horizontal gray band gives one standard deviation
around the average F t value.

of χ2/ν associated with the current F t result is higher than
the corresponding value in 2008 but this undoubtedly reflects
the fact that one additional transition has been added and the
data for some of the other transitions are more precise today
than they were 6 years ago. In any case, the confidence level
for the new result remains very high: 91%.

C. Uncertainty budgets

We show the contributing factors to the individual F t-value
fractional uncertainties in two figures. The first, Fig. 3,
encompasses the nine cases with stable daughter nuclei. Their
experimental parameters have been measured with increasing
precision for many years, so we refer to these as the “traditional
nine.” The remaining eleven cases, of which five now approach
the traditional nine in precision, appear in Fig. 4. In both
figures, the first three bars in each group of five show the
contributions from experiment, while the last two correspond
to theory. Although we are now treating the contribution from
δ′
R as a systematic uncertainty that is applied to the final

average F t , nevertheless we show a bar as a rough guide
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FIG. 3. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that con-
tributes to the final F t values for the “traditional nine” superallowed
transitions. The bars for δ′

R are only a rough guide to the effect on
each transition of this term’s systematic uncertainty. See text.
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FIG. 4. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that
contributes to the final F t values for the 11 other superallowed
transitions. Where the error is cut off with a jagged line at 40 parts in
104, no useful experimental measurement has been made. The bars
for δ′

R are only a rough guide to the effect on each transition of this
term’s systematic uncertainty. See text.
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δNS, and δC. The horizontal gray band gives one standard deviation
around the average F t value.

of χ2/ν associated with the current F t result is higher than
the corresponding value in 2008 but this undoubtedly reflects
the fact that one additional transition has been added and the
data for some of the other transitions are more precise today
than they were 6 years ago. In any case, the confidence level
for the new result remains very high: 91%.

C. Uncertainty budgets

We show the contributing factors to the individual F t-value
fractional uncertainties in two figures. The first, Fig. 3,
encompasses the nine cases with stable daughter nuclei. Their
experimental parameters have been measured with increasing
precision for many years, so we refer to these as the “traditional
nine.” The remaining eleven cases, of which five now approach
the traditional nine in precision, appear in Fig. 4. In both
figures, the first three bars in each group of five show the
contributions from experiment, while the last two correspond
to theory. Although we are now treating the contribution from
δ′
R as a systematic uncertainty that is applied to the final

average F t , nevertheless we show a bar as a rough guide
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FIG. 3. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that con-
tributes to the final F t values for the “traditional nine” superallowed
transitions. The bars for δ′

R are only a rough guide to the effect on
each transition of this term’s systematic uncertainty. See text.
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104, no useful experimental measurement has been made. The bars
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term’s systematic uncertainty. See text.
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δNS, and δC. The horizontal gray band gives one standard deviation
around the average F t value.

of χ2/ν associated with the current F t result is higher than
the corresponding value in 2008 but this undoubtedly reflects
the fact that one additional transition has been added and the
data for some of the other transitions are more precise today
than they were 6 years ago. In any case, the confidence level
for the new result remains very high: 91%.

C. Uncertainty budgets

We show the contributing factors to the individual F t-value
fractional uncertainties in two figures. The first, Fig. 3,
encompasses the nine cases with stable daughter nuclei. Their
experimental parameters have been measured with increasing
precision for many years, so we refer to these as the “traditional
nine.” The remaining eleven cases, of which five now approach
the traditional nine in precision, appear in Fig. 4. In both
figures, the first three bars in each group of five show the
contributions from experiment, while the last two correspond
to theory. Although we are now treating the contribution from
δ′
R as a systematic uncertainty that is applied to the final

average F t , nevertheless we show a bar as a rough guide
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of χ2/ν associated with the current F t result is higher than
the corresponding value in 2008 but this undoubtedly reflects
the fact that one additional transition has been added and the
data for some of the other transitions are more precise today
than they were 6 years ago. In any case, the confidence level
for the new result remains very high: 91%.

C. Uncertainty budgets

We show the contributing factors to the individual F t-value
fractional uncertainties in two figures. The first, Fig. 3,
encompasses the nine cases with stable daughter nuclei. Their
experimental parameters have been measured with increasing
precision for many years, so we refer to these as the “traditional
nine.” The remaining eleven cases, of which five now approach
the traditional nine in precision, appear in Fig. 4. In both
figures, the first three bars in each group of five show the
contributions from experiment, while the last two correspond
to theory. Although we are now treating the contribution from
δ′
R as a systematic uncertainty that is applied to the final

average F t , nevertheless we show a bar as a rough guide
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of χ2/ν associated with the current F t result is higher than
the corresponding value in 2008 but this undoubtedly reflects
the fact that one additional transition has been added and the
data for some of the other transitions are more precise today
than they were 6 years ago. In any case, the confidence level
for the new result remains very high: 91%.

C. Uncertainty budgets

We show the contributing factors to the individual F t-value
fractional uncertainties in two figures. The first, Fig. 3,
encompasses the nine cases with stable daughter nuclei. Their
experimental parameters have been measured with increasing
precision for many years, so we refer to these as the “traditional
nine.” The remaining eleven cases, of which five now approach
the traditional nine in precision, appear in Fig. 4. In both
figures, the first three bars in each group of five show the
contributions from experiment, while the last two correspond
to theory. Although we are now treating the contribution from
δ′
R as a systematic uncertainty that is applied to the final

average F t , nevertheless we show a bar as a rough guide
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of χ2/ν associated with the current F t result is higher than
the corresponding value in 2008 but this undoubtedly reflects
the fact that one additional transition has been added and the
data for some of the other transitions are more precise today
than they were 6 years ago. In any case, the confidence level
for the new result remains very high: 91%.

C. Uncertainty budgets

We show the contributing factors to the individual F t-value
fractional uncertainties in two figures. The first, Fig. 3,
encompasses the nine cases with stable daughter nuclei. Their
experimental parameters have been measured with increasing
precision for many years, so we refer to these as the “traditional
nine.” The remaining eleven cases, of which five now approach
the traditional nine in precision, appear in Fig. 4. In both
figures, the first three bars in each group of five show the
contributions from experiment, while the last two correspond
to theory. Although we are now treating the contribution from
δ′
R as a systematic uncertainty that is applied to the final
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of χ2/ν associated with the current F t result is higher than
the corresponding value in 2008 but this undoubtedly reflects
the fact that one additional transition has been added and the
data for some of the other transitions are more precise today
than they were 6 years ago. In any case, the confidence level
for the new result remains very high: 91%.
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We show the contributing factors to the individual F t-value
fractional uncertainties in two figures. The first, Fig. 3,
encompasses the nine cases with stable daughter nuclei. Their
experimental parameters have been measured with increasing
precision for many years, so we refer to these as the “traditional
nine.” The remaining eleven cases, of which five now approach
the traditional nine in precision, appear in Fig. 4. In both
figures, the first three bars in each group of five show the
contributions from experiment, while the last two correspond
to theory. Although we are now treating the contribution from
δ′
R as a systematic uncertainty that is applied to the final

average F t , nevertheless we show a bar as a rough guide
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FIG. 3. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that con-
tributes to the final F t values for the “traditional nine” superallowed
transitions. The bars for δ′

R are only a rough guide to the effect on
each transition of this term’s systematic uncertainty. See text.
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FIG. 4. Summary histogram of the fractional uncertainties at-
tributable to each experimental and theoretical input factor that
contributes to the final F t values for the 11 other superallowed
transitions. Where the error is cut off with a jagged line at 40 parts in
104, no useful experimental measurement has been made. The bars
for δ′

R are only a rough guide to the effect on each transition of this
term’s systematic uncertainty. See text.
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I. S. Towner & J. C. Hardy, PRC 66, 035501 (2002). 
I. S. Towner & J. C. Hardy, PC 77, 025501 (2008). 

configura1on	mixing	within	the	
restricted	shell	model	space

radial	overlap	correc1on

I. S. TOWNER AND J. C. HARDY PHYSICAL REVIEW C 77, 025501 (2008)

h(r) = a2
(

df

dr

)2

,

VC(r) = Ze2/r, for r!Rc,

= Ze2

2Rc

(
3 − r2

R2
c

)
, for r < Rc, (17)

with R = r0(A − 1)1/3 and Rs = rs(A − 1)1/3. The first three
terms in Eq. (16) are the central, spin-orbit, and Coulomb
terms, respectively. The fourth and fifth terms are additional
surface terms whose role we discuss shortly.

Most of the parameters were fixed at standard values,
Vs = 7 MeV, rs = 1.1 fm, and a = as = 0.65 fm. The radius of
the Coulomb potential was determined from the charge mean
square radius ⟨r2⟩1/2

ch of the decaying nucleus as determined
from elastic electron scattering; see Eqs. (21) and (22) in
Ref. [4]. The well radius r0 was similarly fixed, by requiring
that the charge density constructed from the square of the
proton wave functions bound in the well should also match
the charge mean square radius. Initially, with Vg and Vh set to
zero, the well depth V0 was adjusted so that the binding energy
of the least-bound orbital matched the experimental separation
energy.

From the shell-model calculation, we obtained the A-
particle wave functions, |i⟩ and |f ⟩, expanded into products
of (A − 1)-particle wave functions |π⟩ and single-particle
functions |α⟩. In Eq. (8) and the discussion that followed
it, we noted that the radial integral should depend on the
separation energies relative to the (A − 1) state, |π⟩. We
ultimately allowed this to happen, but initially we calculated
the value of δC2 under the assumption that the proton and
neutron radial functions, Rp(r) and Rn(r), have asymptotic
forms for all α that are fixed at the separation energies Sp and
Sn to the ground state of the (A − 1) nucleus. In this case,
the sums over π can be done analytically, and the computed
value of δC2 becomes independent of the shell-model effective
interaction. This result, which we label δI

C2, can be simply
expressed with the help of Eqs. (9) and (13):

δI
C2 ≃ 2$αg

. (18)

Here αg is the shell-model orbital of the transferred neutron in
the pickup reaction from the A-particle state |f ⟩ to the ground
state of the (A − 1)-particle nucleus.

We next removed our simplifying assumption and evaluated
the radial integrals with eigenfunctions of the Saxon-Woods
potential whose well depth was adjusted so that each eigen-
function matched the separation energy of the (A − 1) state to
which it corresponds, |π⟩. For an (A − 1) state at excitation
energy Ex , the corresponding separation energies are Sp + Ex

and Sn + Ex . We label these results δII
C2 and note that the values

now depend on the spectroscopic amplitudes, and hence on the
shell-model effective interaction, but not strongly.

So far, we have ignored the two surface terms in Eq. (17)
by setting Vg = 0 and Vh = 0. It can be argued, however, that
the central part of the potential, which in principle should be
determined from some Hartree-Fock procedure, should not be
continually adjusted. Instead, any adjustments made to match
separation energies should be to the surface part of the potential
rather than to the depth of the well. Thus, we also calculated

δC2 by fixing V0 separately for protons and neutrons to match
the ground-state parent separation energies Sp and Sn, and then
adjusting the strength of the surface term Vg (keeping Vh = 0)
so that the asymptotic forms matched the separation energies
Sp + Ex and Sn + Ex . These results are labeled δIII

C2.
Finally, our fourth method of calculation was the same as

the third, except that it was the second surface term Vh that was
adjusted to match separation energies, keeping Vg = 0. This
second term h(r) is even more strongly peaked in the surface
than g(r). These results are labeled δIV

C2.
On average, the method III values of δC2 are about 2% lower

than the method II values; and method IV values are about 7%
lower than the method II values for orbitals without any radial
nodes. For orbitals with one or more nodes, there is more of
the radial wave function in the surface region and methods III
and IV produce greater reductions.

3. Shell-model calculations

We now present our results for δC2 based on the extensions
of the shell-model spaces mentioned at the end of Sec. III A1.
In addition to adding the core orbitals mentioned there,
however, in some cases we have also been able to make use of
more recent effective interactions that have become available
since our last work. Specifically, we used the following
interactions in the various mass regions of interest: In the p
shell, we used the Cohen-Kurath interactions [21] and the more
recent PWBT interaction of Warburton and Brown [22]. In the
s, d shell, besides the universal interaction of Wildenthal [23],
we employed two new versions, USD-A and USD-B, of Brown
and Richter [24]. In the pf shell, we used the KB3 interaction
of Kuo-Brown [25] as modified by Poves and Zuker [26],
the FPMI3 interaction of Richter and Brown [27], and the
more recent GXPF1 interaction of Honma et al. [28,29]. For
cross-shell interactions between the major shells, we used the
interaction of Millener and Kurath [30]. Note that in many
cases we found it necessary to introduce some truncations
in the original model space in order to keep the calculations
tractible.

We made calculations for all 20 superallowed transitions
considered in our earlier work [1,4], and for each we calculated
δC2 in the four methods, I–IV, described in Sec. III A2 and
with the several interactions listed in the previous paragraph.
In Table II, we record only one sample result for δI

C2, δ
II
C2, δ

III
C2,

and δIV
C2 for each nucleus listed. However, our “adopted δC2”

values result from our assessment of all multiple-parentage
calculations made for each decay, not just those shown in
the previous three columns. The uncertainty assigned to each
adopted value reflects the uncertainty in the radius of the
Saxon-Woods potential (resulting from an uncertainty in the
nuclear rms radius to which it is adjusted), the spread of
results obtained with different shell-model interactions, and
the spread of results obtained with the different procedures
labeled II, III, and IV in the table.

B. Isospin-mixing correction δC1

The second (and smaller) contribution to δC is the isospin-
mixing correction δC1. For its evaluation, the radial integrals

025501-6

δC1	=	0.030(10)	%		
δC2	=	0.280(15)	%	

26mAl
δC2:	shell	model	based	on	Saxon-Woods	radial	func1ons

• nuclear	charge	radius	enters	here	
• oSen	not	known	experimentally	(e.g.	26mAl)	
⇒extrapolaEon	based	on	stable	isotopes	(and	inflated	uncertainEes)

I. S. Towner private communications (2016). 
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Collinear laser spectroscopy 

J. Papuga et al., PRL 110, 172503 (2013) 

Measure in a model-independent way 4 properties of an exotic isotope/isomer: 
 - the nuclear spin I 
 - the magnetic dipole moment P�
 - the electric quadrupole moment Q (if electronic and nuclear spin J,I>1/2) 
 - the isotope shift Æ nuclear charge radius 
by resonant excitation of hyperfine transitions in an atom or ion. 
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Fig. 1. Diagram of the segmented radiofrequency quadrupole
trap.

due to the versatility and universality of these devices,
which provide beams of low emittance and the option
of a pulsed release of ions. Examples of facilities which
have such an apparatus in operation include ISOLTRAP
at ISOLDE [5], the IGISOL facility in Jyväskylä [6] and
LEBIT at MSU [7].

At ISOLDE, a general-purpose linear Paul trap,
ISCOOL, has recently been developed and commissioned
for operation at the focal plane of the high-resolution sep-
arator (HRS). The purpose of the device is to deliver ion
beams with an expected transverse emittance of less than
3π mm · mrad at 60 keV and a low-energy spread (< 1 eV),
either continuously or in bunches with a well-defined tem-
poral structure.

The device consists of injection electrodes, a quadru-
pole structure for trapping the ions in the transverse
plane, and extraction electrodes. The trap is realized with
four rods coupled pairwise. The applied voltage to a pair
of electrodes is Vrf cos (Ωt). The same voltage is applied
to the alternate pair, but with an opposing polarity. The
radiofrequency field applied to the quadrupole is used to
confine the ion cloud in the radial direction. The rods are
surrounded by 25 segmented DC electrodes. The struc-
ture is maintained typically 100V below the high voltage
of the HRS. The gas, helium, fills the quadrupole volume.
A pressure of about 0.1mbar is used to slow and cool the
ions via thermal collisions. A differential pumping system
is used to keep the pressure on either side of the device
below 10−7 mbar. The DC field, which is independently
applied to each segment permits the creation of a poten-
tial gradient of 0.2V/cm in order to guide the ions to the
trap exit. The ions can be extracted as a continuous flux
or they can be accumulated and released in short bunches,
as shown by fig. 1.

A more detailed description of this device together
with its design specifications can be found in [8,9]. Prior
to the on-line commissioning phase, off-line tests were un-
dertaken with ISCOOL in a dedicated test bench, under
conditions similar to that found at the HRS. The results of
these tests, which investigated the transmission in contin-
uous mode as well as the extracted emittance at 30 keV
for a surface alkali ion source are reported in [10]. This

Fig. 2. Collinear laser spectroscopy setup (COLLAPS) at
ISOLDE. 1) Single charged ions; 2) laser beam; 3) electrostatic
deflection plates; 4) post-acceleration electrodes; 5) charge
exchange cell (CEC); 6) photomultiplier tubes; 7) brewster
window.

work reports on the first use of ISCOOL for collinear laser
spectroscopy with fast beams at ISOLDE.

3 Collinear laser spectroscopy of 39,44,46K and
85Rb

Tests were made on stable 39K and on radioactive 44,46K,
produced from a tantalum HRS target. In addition, stable
85Rb was studied. For the potassium ions, ISCOOL oper-
ated with rf amplitude Vrf = 280V and Ω = 520 kHz,
whereas for rubidium, Vrf = 270V and Ω = 450 kHz.
The ion beam from ISCOOL were steered to the collinear
laser spectroscopy beam line, COLLAPS [11–13]. Figure 2
shows a simplified scheme of the setup. The ions were neu-
tralized by passage through a charge exchange cell filled
with hot potassium vapour, which was placed before the
light collection region. The neutral beam was overlapped
with a collinear Ti:Sa laser beam, co-propagating with the
ion beam direction. The high velocity of the atom beam
acted to compress the forward velocity spread, which al-
lowed high-resolution spectroscopy to be performed. A
tuning potential on the charge exchange cell was applied
to Doppler shift the laser light (in the rest frame to the
atom) into resonance. The transitions chosen were the D2

lines both for potassium (766 nm) and rubidium (780 nm).
The atoms in the interaction region were resonantly ex-
cited with the laser and the subsequent fluorescence pho-
tons were counted with two red-sensitive photomultiplier
tubes as the tuning voltage was scanned.

4 Laser and ion beam overlap

Two removable apertures were placed in the COLLAPS
beam line to tune the ion beam. A 1mm diameter aper-
ture was used to maximise the overlap of the ion and laser
beams in the vicinity of the photon detection region. The
narrow waist minimised the laser power required, with a
commensurate reduction of the scattered laser light. A
second aperture, with a 4mm diameter and placed down-
stream the detection region, was used to ensure a slow

PMTs
charge	
exchange	
cell

post-accelera1on		
electrodes	

neutral	atom	beam

ion	beam	

laser	beam

Collinear	Laser	Spectroscopy	(CLS)

>	30	keV	to	eliminate	
Doppler	broadening �⌫ / �Ep

E

K.	Blaum	et	al.,	Phys.	Scr.	T152,	014017	(2013)	
P.	Campbell	et	al.,	Prog.	Part.	and	Nucl.	Phys.	86,	127-180	(2016)	
R.	Neugart	et	al.,	J.	Phys.	G:	Nucl.	Part.	Phys.	44,	064002	(2017)	
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in mean-square charge radii �hr2i are extracted according to

�⌫A,A

0
= M

A0 � A

A · A0 + F �hr2iA,A

0
, (1)

where M and F are mass and field shift factor, respectively. For 26g,26mAl, collinear
laser spectroscopy allows the direct measurements of the isomer shift since the hyperfine
structure centroids for both the ground state and the isomer can be determined in a single
hyperfine spectrum. The advantage of this direct determination was clearly demonstrated
for 38K [1] where a previous indirect determination of the isomer shift by the combination
of two data sets, led to large error bars and as a consequence, to the wrong conclusion on
the relative size of the ground state and isomer.
Due to a lack of suitable transitions in Al ions, spectroscopy is performed on atoms which
are formed when Al ions delivered by ISOLDE are neutralized in COLLAPS’ charge
exchange cell which is filled with Na vapour. Based upon our previous work (IS457) on
Ga atoms, which have very similar structure and transitions, we expect that the two states
of the 2P o doublet are populated roughly equally in the charge exchange. Several strong
transitions can be considered (compare also with Fig. 4a). We exclude the transitions
to the 2D doublet at 308 nm and 309 nm, respectively, since the two 2D states are
very close in energy (�E ⇡ 0.2 meV) resulting in mixing of the two transitions [27].
This could lead to anomalies in the optical isotope shifts in analogy to what has been
observed in Sm isotopes [28]. Such complications are naturally avoided in the transitions
to the 2S1/2 singlet at 396 nm and 394 nm, respectively. Due to the finite probability
density of the s-electron at the nuclear site, these transitions are also more sensitive to
the nuclear charge radius. The 2P o

3/2 ! 2S1/2 transition with an Einstein coe�cient

of A = 1.0 · 108/s is stronger than 2P o

1/2 ! 2S1/2 (A = 5.1 · 107/s). Moreover, it is
also sensitive to the quadrupole moments of the investigated Al isotopes (not known for
24,29,30Al) and is hence the preferred transition. Laser light at this wavelength can be
produced by frequency doubling 792 nm provided by a Ti:Sa laser.
As mentioned before, the transition dependent mass and field shift M and F are required
to extract the changes in the mean-square charge radii �hr2iA,A

0
from the measured isotope

shift. Corresponding atomic-physics calculations of M and F for the 2P o

3/2 !2 S1/2

transition are currently underway [29]. Finally, the charge radii of the studied Al isotopes
can be determined by comparing �hr2iA,A

0
to the root-mean-square charge radius of 27Al

[15], which is known from muonic-atom and electron-scattering measurements.

3 Beam time request

Following our science motivation, we request ISOLDE beams of 24�33Al (see Tab. 1).
27Al will serve as the reference throughout the entire measurement. Two shifts of stable
27Al beam are requested for setup and confirmation of the spectroscopic scheme prior to
the measurements of radioactive nuclides. Operation and use of HRS and the cooler and
buncher ISCOOL will be required from the beginning. Moreover, RILIS will be essential
to increase the yields of the Al isotopes.
To date, all yields for Al isotopes (see Fig. 4b) listed in the ISOLDE yield database as well

7

mass	and	field	shiS	factors	
from	atomic	physics	calculaEon

isotope	shif

difference	in	ms	
charge	radii

L. Filippin et al., Phys. Rev. A, 94, 062508 (2016)
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Fig. 1. Diagram of the segmented radiofrequency quadrupole
trap.

due to the versatility and universality of these devices,
which provide beams of low emittance and the option
of a pulsed release of ions. Examples of facilities which
have such an apparatus in operation include ISOLTRAP
at ISOLDE [5], the IGISOL facility in Jyväskylä [6] and
LEBIT at MSU [7].

At ISOLDE, a general-purpose linear Paul trap,
ISCOOL, has recently been developed and commissioned
for operation at the focal plane of the high-resolution sep-
arator (HRS). The purpose of the device is to deliver ion
beams with an expected transverse emittance of less than
3π mm · mrad at 60 keV and a low-energy spread (< 1 eV),
either continuously or in bunches with a well-defined tem-
poral structure.

The device consists of injection electrodes, a quadru-
pole structure for trapping the ions in the transverse
plane, and extraction electrodes. The trap is realized with
four rods coupled pairwise. The applied voltage to a pair
of electrodes is Vrf cos (Ωt). The same voltage is applied
to the alternate pair, but with an opposing polarity. The
radiofrequency field applied to the quadrupole is used to
confine the ion cloud in the radial direction. The rods are
surrounded by 25 segmented DC electrodes. The struc-
ture is maintained typically 100V below the high voltage
of the HRS. The gas, helium, fills the quadrupole volume.
A pressure of about 0.1mbar is used to slow and cool the
ions via thermal collisions. A differential pumping system
is used to keep the pressure on either side of the device
below 10−7 mbar. The DC field, which is independently
applied to each segment permits the creation of a poten-
tial gradient of 0.2V/cm in order to guide the ions to the
trap exit. The ions can be extracted as a continuous flux
or they can be accumulated and released in short bunches,
as shown by fig. 1.

A more detailed description of this device together
with its design specifications can be found in [8,9]. Prior
to the on-line commissioning phase, off-line tests were un-
dertaken with ISCOOL in a dedicated test bench, under
conditions similar to that found at the HRS. The results of
these tests, which investigated the transmission in contin-
uous mode as well as the extracted emittance at 30 keV
for a surface alkali ion source are reported in [10]. This

Fig. 2. Collinear laser spectroscopy setup (COLLAPS) at
ISOLDE. 1) Single charged ions; 2) laser beam; 3) electrostatic
deflection plates; 4) post-acceleration electrodes; 5) charge
exchange cell (CEC); 6) photomultiplier tubes; 7) brewster
window.

work reports on the first use of ISCOOL for collinear laser
spectroscopy with fast beams at ISOLDE.

3 Collinear laser spectroscopy of 39,44,46K and
85Rb

Tests were made on stable 39K and on radioactive 44,46K,
produced from a tantalum HRS target. In addition, stable
85Rb was studied. For the potassium ions, ISCOOL oper-
ated with rf amplitude Vrf = 280V and Ω = 520 kHz,
whereas for rubidium, Vrf = 270V and Ω = 450 kHz.
The ion beam from ISCOOL were steered to the collinear
laser spectroscopy beam line, COLLAPS [11–13]. Figure 2
shows a simplified scheme of the setup. The ions were neu-
tralized by passage through a charge exchange cell filled
with hot potassium vapour, which was placed before the
light collection region. The neutral beam was overlapped
with a collinear Ti:Sa laser beam, co-propagating with the
ion beam direction. The high velocity of the atom beam
acted to compress the forward velocity spread, which al-
lowed high-resolution spectroscopy to be performed. A
tuning potential on the charge exchange cell was applied
to Doppler shift the laser light (in the rest frame to the
atom) into resonance. The transitions chosen were the D2

lines both for potassium (766 nm) and rubidium (780 nm).
The atoms in the interaction region were resonantly ex-
cited with the laser and the subsequent fluorescence pho-
tons were counted with two red-sensitive photomultiplier
tubes as the tuning voltage was scanned.

4 Laser and ion beam overlap

Two removable apertures were placed in the COLLAPS
beam line to tune the ion beam. A 1mm diameter aper-
ture was used to maximise the overlap of the ion and laser
beams in the vicinity of the photon detection region. The
narrow waist minimised the laser power required, with a
commensurate reduction of the scattered laser light. A
second aperture, with a 4mm diameter and placed down-
stream the detection region, was used to ensure a slow
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26mAl – JYFL proposal
I237 Precise measurement of isomeric and ground state charge radii in the self-

conjugate 26Al – 6 days of beam time

2016 COLLAPS data

Intensity ratio first 6s/second 6s:
Gs: 0.94(1)  [t1/2 = 7 x105 y]
Iso: 0.56(4) [t1/2 = 6.34 s]

Including isomer

No isomer
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M	=	[-239	–	-224]	GHz	u

in mean-square charge radii �hr2i are extracted according to

�⌫A,A

0
= M

A0 � A

A · A0 + F �hr2iA,A

0
, (1)

where M and F are mass and field shift factor, respectively. For 26g,26mAl, collinear
laser spectroscopy allows the direct measurements of the isomer shift since the hyperfine
structure centroids for both the ground state and the isomer can be determined in a single
hyperfine spectrum. The advantage of this direct determination was clearly demonstrated
for 38K [1] where a previous indirect determination of the isomer shift by the combination
of two data sets, led to large error bars and as a consequence, to the wrong conclusion on
the relative size of the ground state and isomer.
Due to a lack of suitable transitions in Al ions, spectroscopy is performed on atoms which
are formed when Al ions delivered by ISOLDE are neutralized in COLLAPS’ charge
exchange cell which is filled with Na vapour. Based upon our previous work (IS457) on
Ga atoms, which have very similar structure and transitions, we expect that the two states
of the 2P o doublet are populated roughly equally in the charge exchange. Several strong
transitions can be considered (compare also with Fig. 4a). We exclude the transitions
to the 2D doublet at 308 nm and 309 nm, respectively, since the two 2D states are
very close in energy (�E ⇡ 0.2 meV) resulting in mixing of the two transitions [27].
This could lead to anomalies in the optical isotope shifts in analogy to what has been
observed in Sm isotopes [28]. Such complications are naturally avoided in the transitions
to the 2S1/2 singlet at 396 nm and 394 nm, respectively. Due to the finite probability
density of the s-electron at the nuclear site, these transitions are also more sensitive to
the nuclear charge radius. The 2P o

3/2 ! 2S1/2 transition with an Einstein coe�cient

of A = 1.0 · 108/s is stronger than 2P o

1/2 ! 2S1/2 (A = 5.1 · 107/s). Moreover, it is
also sensitive to the quadrupole moments of the investigated Al isotopes (not known for
24,29,30Al) and is hence the preferred transition. Laser light at this wavelength can be
produced by frequency doubling 792 nm provided by a Ti:Sa laser.
As mentioned before, the transition dependent mass and field shift M and F are required
to extract the changes in the mean-square charge radii �hr2iA,A

0
from the measured isotope

shift. Corresponding atomic-physics calculations of M and F for the 2P o

3/2 !2 S1/2

transition are currently underway [29]. Finally, the charge radii of the studied Al isotopes
can be determined by comparing �hr2iA,A

0
to the root-mean-square charge radius of 27Al

[15], which is known from muonic-atom and electron-scattering measurements.

3 Beam time request

Following our science motivation, we request ISOLDE beams of 24�33Al (see Tab. 1).
27Al will serve as the reference throughout the entire measurement. Two shifts of stable
27Al beam are requested for setup and confirmation of the spectroscopic scheme prior to
the measurements of radioactive nuclides. Operation and use of HRS and the cooler and
buncher ISCOOL will be required from the beginning. Moreover, RILIS will be essential
to increase the yields of the Al isotopes.
To date, all yields for Al isotopes (see Fig. 4b) listed in the ISOLDE yield database as well
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Conclusion	
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(due	to	M)		

• R	26m>	R26gs>R27
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results 2016 beam time

𝛿 𝑟2 60,𝐴 =
𝛿𝜈60,𝐴 − K ⋅M

F

F352.4 nm = −740 ± 93 MHz/fm2

K352.4 nm = 1246 ± 33 u GHz

N = 40

kink	at	N=40

g.s.

(regional	trend)

Al	charge	radii
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�⌫A,A

0
= M

A0 � A

A · A0 + F �hr2iA,A

0
, (1)
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Conclusion	
• sizeable	theoreEcal	uncertainEes	
(due	to	M)		

• R	26m>	R26gs>R27

nuclide <rc2>	[fm2] reference

27Al 9.37(02) rc	compilaEon I.	Angeli,	At.	Data	Nucl.	Data	Tables	87,	185	(2004)

26mAl 9.24(12) extrapolaEon	for	Vud Towner	&	Hardy	PRC	66,	035501		(2002)		

Preliminary



open	ques1ons:	
• reliable	value	of		rc	in	27Al	(and	uncertainty)?	

• more	precise	mass	shiS	factor	M	(atomic	theory)?	
• improved	experimental	data	on	isotope	shiS

Figure 3: Left: Corrected Ft values for the 14 most precise cases with data taken from [7].
In red, the e↵ect of the ISOLDE charge radii measurements on the Ft value of 26mAl and the
average Ft value is indicated. Right: Fractional uncertainties to the Ft values of the lighter
superallowed �-emitters. Figure from [7].

to improve our understanding of this phenomenon and how it varies across the nuclear chart.

2.2 Vud from superallowed �-decay

Superallowed 0+ ! 0+ �-decays provide currently the most precise way of accessing the Vud up-
down quark-mixing element of the Cabibbo-Kobayashi-Maskawa (CKM) matrix [7]. Together
with the other matrix elements of the top row, it establishes the most demanding unitarity
test in the CKM matrix, |Vud|2 + |Vus|2 + |Vub|2 = 1, which is fundamental in the electroweak
standard model. Deviations from this unitarity would therefore point towards physics beyond
the standard model.
The value of Vud = G

V

/G
F

can be extracted by combing the weak-interaction constant for purely
leptonic muon decay, G

F

, with the vector coupling constant for semi-leptonic decays, G
V

. It is
the latter which can be obtained from the measured ft values for superallowed �-decays through

Ft = ft(1 + �
R

)(1� �
C

) =
K

2G2
V

(1 +�V

R

)
(1)

where Ft is the corrected ft-value which, according to the conserved vector current hypothesis,
is constant for all isotopes, see Fig. 3. In this equation, �

C

is the isospin-symmetry-breaking
correction, �

R

is the transition-dependent part and �V

R

is the transition-independent part of
the radiative correction. As shown in the right hand side of Fig. 3, for many isotopes these
small theoretical corrections are actually the main source of uncertainty on the final Ft-value,
in particular the isospin-breaking correction �

C

. Within the shell model, this isospin-symmetry-
breaking correction is separated into two parts, �

C

= �
C1+ �

C2, where �C1 reflects configuration
mixing within the restricted shell model space and �

C2 represents the radial overlap correction
which is generally the largest of the two (for example, in 26mAl �

C1 = 0.030(10)% and �
C2 =

0.280(15)% [7]). Since the nuclear charge radius of the superallowed �-emitter is used as input
to calculate the nuclear potentials necessary to determine �

C2, uncertainties in charge radii are

4
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implica1ons	
possible	scenario:

	single	measurement	would	move		<Ft>	by	∼𝜎/2
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2.3 Nuclear Properties from Optical Spectra

with KNMS and KSMS the normal and the specific mass shift constant, mA and mA0 the
nuclear masses (the nuclear masses are obtained by subtracting the electron masses from
the atomic mass taken e.g. from [61]). The normal mass shift constant can be calculated
using KNMS = ⌫

A
me. The specific mass shift constant KSMS is the expectation value

of
P

i>j pi · pj for the lower state minus that for the upper state of the transition, with

pi and pj the momentum of the i

th and j

th electron in the center of mass frame of the
atom, for details see [35].
The field shift can be expressed as

�⌫

AA0

FS = F �

⌦
r

2
↵AA0

, (2.20)

with F being the electronic factor and � hr2iAA0
= hr2iA

0
� hr2iA the change in nuclear

mean square charge radius. The electronic factor F describes the change in the electron
density at the nucleus � |�(0)|2 between the initial state and the final state of an atomic
transition. For the medium mass nuclei discussed in this work a non-relativistic approach
is su�cient and F can be calculated from [3]

F = �2⇡

3
Ze

2� |�(0)|2 . (2.21)

Purely theoretical calculations for the specific mass shift and field shift constants have
to be taken with care. In most cases one has to rely on a combination of theoretical
calculations in combination with experimental results, see for example Refs. [29, 35] for
more details.
If the specific mass shift and field shift constants are known, � hr2iAA0

can be calculated
using

�

⌦
r

2
↵AA0

=
�⌫

AA0 � (KNMS +KSMS)
mA0�mA

mAmA0

F

. (2.22)

To extract the absolute nuclear rms charge radius R, the nuclear charge radius of
at least one isotope has to be determined by a di↵erent method, e.g. elastic electron
scattering. If such a reference radius exists R can be calculated from the relation

R(A0) =
q
R

2(A) + � hr2iAA0
. (2.23)

2.3 Nuclear Properties from Optical Spectra

The nuclear properties that can be extracted from optical hyperfine spectra are � hr2iAA0

from Eq. (2.22), the ground-state spins, magnetic dipole and electric quadrupole mo-
ments (chapter 2.1). The frequency ⌫HFS of a hyperfine transition depends on the
hyperfine constants Au, Bu (Al, Bl) of the upper (lower) hyperfine level [9]

⌫HFS = ⌫cg + ↵uAu + �uBu � ↵lAl � �lBl, (2.24)

where ↵ = C/2, � = 3C(C+1)�4I(I+1)J(J+1)
8I(2I�1J(J�1) and ⌫cg the center of gravity of the HFS.

Before one can use a �

2-minimization fitting procedure to determine ⌫cg, Al,u and Bl,u

9

⇒would	reduce	tension	in	CKM	unitarity	test

} would	also	increase	
uncertainty	

Preliminary



I237 Precise measurement of isomeric and ground state charge radii in the self-
conjugate 26Al – 6 days of beam time

Different iso/gs ratio’s

26mAl – JYFL proposal

26mAl	at	JYFL
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26mAl – JYFL proposal
I237 Precise measurement of isomeric and ground state charge radii in the self-

conjugate 26Al – 6 days of beam time

2016 COLLAPS data

Intensity ratio first 6s/second 6s:
Gs: 0.94(1)  [t1/2 = 7 x105 y]
Iso: 0.56(4) [t1/2 = 6.34 s]

Including isomer

No isomer

26mAl – JYFL proposal
I237 Precise measurement of isomeric and ground state charge radii in the self-

conjugate 26Al – 6 days of beam time

2016 COLLAPS data

Intensity ratio first 6s/second 6s:
Gs: 0.94(1)  [t1/2 = 7 x105 y]
Iso: 0.56(4) [t1/2 = 6.34 s]

Including isomer

No isomer

COLLAPS	experimental	data
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approved	proposal	⇒	measurement	late	2019	/	early	2020

simula1on	based	on	experimentally	confirmed	1:1	ra1o	at	JFYL



•new	calculaEon	of	inner	radiaEve	
correcEons	∆R

V	for	Vud
	

•⇒tension	in	CKM	unitarity	(1st	row)	

•nuclear	ground	state	proper1es	
could	play	a	central	role,		
- transiEon	energies	
- Rc	as	input	parameter	for	𝛅c	

• 26mAl	
- most	precisely	studied	case		
- 	∆Ft	dominated	by	𝛅c	
- Rc	experimentally	unknown!	
- COLLAPS	indicates	sizeable	shiS	in	
Rc	and	hence	<Ft>	value	

- prepare	for	new	measurements	
•new	CLS	methods	to	test	nucl.	theory	

Summary	and	
Outlook
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∆CKM = 16(4) · 10-4

∆R
	jump

scarp	of			
non(?)unitarity

old	aisle	of	nuclear	
ground	state	proper1es

prepare	for	next	CKM	race…

final	Ft	

jump	(?)

Al	alp

CKM’s	1st	row	downhill

Finish



Kitzbühel Humboldt Kolleg 2019

THANK	YOU!

15

M.	L.	Bissell,	K.	Blaum,	B.	Cheal,	R.	F.	Garcia	Ruiz,	W.	Gins,	C.	Gorges,	H.	Heylen,	A.	Kanellakopoulos,	
S.	Kaufmann,	S.	Lechner,	B.	Maaß,	S.	Malbrunot-E1enauer,	R.	Neugart,	G.	Neyens,	W.	Nörtershäuser,	
L.	V.	Rodríguez,	R.	Sánchez,	Z.	Y.	Xu,	X.	F.	Yang,	D.	T.	Yordanov


