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The measuredt values for superallowed0—0" nuclearg decay can be used to obtain the value of the
vector coupling constant and thus to test the unitarity of the Cabibbo-Kobayashi-Maskawa matrix. An essential
requirement for this test is accurate calculations for the radiative and isospin symmetry-breaking corrections
that must be applied to the experimental data. We present a new and consistent set of calculations for the
nuclear-structure-dependent components of these corrections. These new results do not alter the current status
of the unitarity test—it still fails by more than two standard deviations—but they provide calculated correc-
tions for eleven new superallowed transitions that are likely to become accessible to precise measurements in
the future. The reliability of all calculated corrections is explored and an experimental method indicated by
which the structure-dependent corrections can be tested and, if necessary, improved.
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[. INTRODUCTION tinues to indicate non-unitarity, then the consequences for the
standard model would be far reaching.

Superallowed 0—0* nuclearg decay depends uniquely ~ The potential impact of definitive nonunitarity has led to
on the vector part of the weak interaction. When it occursconsiderable recent activity, both experimental and theoreti-
betweenT=1 analog states, a precise measurement of theal, in the study of superallowed"0-0" transitions, with
transitionft value can be used to determifig, the vector special attention being focussed on the small correction
coupling constant. This result, in turn, yieldg,y, the up- terms that must be applied to the experimerfitavalues in
down element of the Cabibbo-Kobayashi-Maskai@KM) order to extracG, . Specifically,G, is obtained from each
matrix. At this time, it is the key ingredient in one of the ft value via the relationshipl]
most exacting tests available of the unitarity of the CKM
matrix, a fundamental pillar of the minimal standard model.

Currently, there is a substantial body of precisevalues F=ft(1+or)(1—-6c) =
determined for such transitions and the experimental results
are robust, most input data having been obtained from sev-.
eral independent and consistent measuremn®. In all,  With
ft values have been determined for nine-00™ transitions
to a precision of~0.1% or better. The decay parents®c, KI(fe)®=2m In2/(mec?)®
190,28mAl, 31C, 38K, 42S¢, %, %M, and *Co—span a =(8120.2710.012X 1010 GeV s, (4)
wide range of nuclear masses; nevertheless, as anticipated by
the conserved vector current hypothe€&/C) all nine yield  \wheref is the statistical rate functionjis the partial half-life
consistent values fo®, , from which a value of for the transition,5. is the isospin-symmetry-breaking cor-
rection, dg is the transition-dependent part of the radiative
correction, andAy is the transition-independent part. Here
we have also define@t as the “corrected’ft value.

It is now convenient to separate the radiative correction
into two terms

2G3(1+AY)’ ®

V4= 0.9740+ 0.0005 1)

is derived. The unitarity test of the CKM matrix, made pos-
sible by this precise value of 4, fails by more than two
standard deviationgl]: viz.,

V2,4 V2 + V2, =0.9968+ 0.0014. 2) Or= OrT Ons ®)
In obtaining this result, we have used the Particle DataVhere the first termd is a function of the electron’s energy
Group’s[4] recommended values for the much smaller ma-2nd the charge of the daughter nuclegsit therefore de-
trix elementsV,s and V,,. Although this deviation from Pends on the particular nuclear decay, buntependenof
unitarity is not completely definitive statistically, it is also nuclear structure. The second teidys is discussed more

[3]. If the precision of this test can be improved and it con-nuclear structure, as does that&f. To emphasize the dif-
ferent sensitivities of the correction terms we rewrite the ex-

pression forft as

*Present address: Department of Physics, Queen’s University, .
Kingston, Ontario, Canada K7L 3N6. FA=1ft(1+ 6g)(1+ Sns— ¢), (6)
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where the first correction in brackets is independent oimore than two standard deviations. In particular, we assess
nuclear structure, while the second incorporates thavhether the failure to meet unitarity can be removed by plau-
structure-dependent terms. The tefiphas been calculated sible adjustments in these calculated corrections. What
from standard QED, and is currently evaluated to olef ~ changes would it take to restore unitarity? For examgjle
and estimated in ordé?a? [5,6]; its values are around 1.4% would have to be shifted downwards by 0.3%&., as much
and can be considered very reliable. The structure-dependeas one-quarter of its current vajuér all nine currently
terms dys and 8¢, have also been calculated in the past butwell-measured nuclear transitions; @i(— éys) would have

at various times over three decades and with a variety ofo be shifted upwards by 0.3%ver one-half their valyefor
different nuclear models. Their uncertainties are larger. Thigll nine cases; or some combination of the two. We will
paper specifically addresses these correction terms with argue that such shifts are very improbable.

view to reducing their uncertainties.

~ Though depending on the nuclear shell-model, calcula- A Ragiative corrections independent of nuclear structure

tions for Syg and 6 have been carefully linked to other o ) i .

related observables such as the neutron and proton binding The radiative correction comprises a transition-dependent
energies, théb and ¢ coefficients in the isobaric multiplet t€rm g and a transition-independent termg. The
mass equatioiIMME), and the nonanalog™0—0* transi- transition-dependent term is further divided inff, which

tion rates(see, for example, Ref§7—9)). Given this linking ~ does not depend on nuclear structure, aid, which is

to observables and the more general success of the shéfructure dependent. We consider first the structure-
model in this mass region, calculations&fs and dc should ~ independent terms, which are written

also be rather reliable. Nevertheless, conservative uncertain-

ties hf';lve been applied—they are of order_O.a.%, ~_10% 5§=i[§(Em)+ 8yt 53],

of their own valug¢—and these become major contributors to 2

the overall uncertainty on the unitarity test. To illustrate: the

uncertainty obtained fov 4 in Eq. (1) is =0.0005; the con- , @
tributions to this uncertainty are 0.0001 from experiment, ~Ar=75_—[4In(mz/my)+In(m,/ma) +2Cgom|+ - -+,
0.0001 from &g, 0.0003 fromdSe— Sy, and 0.0004 from (7)

AR. If the unitarity test is to be sharpened, then the most
pressing objective must be to reduce the uncertaintie§fpn where the ellipses represent further small terms of order
and (5c— dnsg)- The latter is clearly the most important area 0.1%. In these equationg,, is the maximum electron en-
where nuclear physics can play an critical role. There is conergy in beta decaym, the Z-boson massm, the proton
siderable activity, both experimental and theoretical, now unmass,m, the a;-meson mass, ané, and &, the orderZ o
derway in probing these nuclear-structure-dependent correand Z%a® contributions, respectively. The function
tions with a view to reducing the uncertainty that theyg(E.,E,), which depends on the electron energy, was first
introduce into the unitarity test. defined by Sirlin[10] as part of the orde universal pho-
Since the goal of experiments will generally be to test andonic contribution arising from the weak vector current; it is
constrain the calculated structure-dependent corrections, a{yre averaged over the electron spectrum to GUE,,).

important first step is to have a set of consistent calculationﬁma”y the termCyg,,, cOMes from the ordes axial-vector
that apply both to the nine well-known transitions a"eadyphotonic contributioorr?s.

used for the unitarity test and to possible new cases yet to be Calculated values for all three components df are

stu(;jlged. In Whh?t P:OHOWS_’ we presder;t new calcu(ljatmnsﬁ@f given in Table I. There have been two independent calcula-
and dys, In which consistent model spaces and approximayjqng[s 6] of both 8, and 5; they are completely consistent
tions have been used for both correction terms and for a larg€i one another if proper account is taken of finite-size

repertoire of superallowed transitions, new and old. ThesS@e s in the nuclear charge distribution. The values listed in
will provide a consistent standard for future experlmental-l-‘,ible | are our recalculatiorj€] using the formulas of Sirlin

comparison. [5] but incorporating a Fermi charge-density distribution for
the nucleus. Note that we have followed Sirlin in assigning
an uncertainty equal toa/27) 53 as an estimate of the error
made in stopping the calculation at that order.

To assess the changes &g that would be required in

As described in the Introduction, there are four theoreticaPrder to restore unitarity, it is helpful to rewrite E() in
correction terms involved in extracting,  from experimen-  terms of the typical values taken by its components, viz.,
tal ft values: the radiative corrections that are independent of
nuclear structure §; and AY%), the nuclear-structure- 8r=1.00+0.40+0.05%. ()
dependent radiative correctionsys), and the isospin-
symmetry-breaking corrections¢). Though we will present  If the failure to obtain unitarity in the CKM matrix with/ 4
new calculations of the last two, in this section we alsofrom nuclear beta decay is due to the value of this term
present an overview of all four terms. This overview is alone, thendg must be reduced to 1.1%. This is not likely.
placed in the context of a unitarity test that has failed byThe leading term, 1.00%, involves standard QED and is well

II. THEORETICAL CORRECTIONS
TO SUPERALLOWED DECAYS
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TABLE |. Calculated nucleus-dependent radiative correctign  sition we are discussing a purely vector interaction between
in percent units, and the component contributions as identified ipin 0" states, the axial-vector interaction does play a role in

Eq. (7). the radiative corrections. An axial-vector interaction may flip
a nucleon spin and then be followed by an electromagnetic

iE(E ) P 2 s SR interaction that flips it back again. This axial contribution,
272 T 2m 2 2m 3 denotedC, can be further divided into two terms depending

T,=-1 whether the weak and electromagnetic interactions occur on

1oc 1.468 0.182 0.005 1.65 the same nucleon or on two separate nucleons

o 1.286 0.227 0.008 1.5D

18Ne 1.204 0268  0.013 1.48 C=Cgom* Cns,

Mg 1.121 0.305 0.018 1.43)

%sj 1.055 0.338 0.024 1.42 Srs= —Cys. (11)

30s 1.005 0.363 0.030 1.49) ™

ar 0.963 0.392 0.037 1.39)

HereCg,, refers to the Born graph in which the axial-vector

3

482%6‘ (?5025 g'illg g'(?:; ff; anq eIectrc.)mag.netic intgractions occur on the same nuc_le_on.
' ' ' : This term is universal—i.e., the same in all nuclei—so it is

IG'Z“ZA(I) 1110 0.305 0.001 148 not_inf:luded in5Ns but is placed in the nucleus-independent

10| 1'002 0. 288 0. 034 1'43) radiative corr_ectlon_&”R [see Eq.(?)]. The term,Cys, refers _

samy 0.964 0'413 0'041 1'42) j[o the case in which the axial-vector and electroma_gneuc

o : ' : : interactions occur on different nucleons. The calculation of

oC 0.939 0.448 0.049 1.8) this term depends on the details of nuclear structure.

SzV 0.903 0.468 0.057 1.48) In the earliest calculations obys [13—15, the axial-

Mn 0.873 0.494 0.065 1.43 vector and electromagnetic vertices were evaluated with
*Co 0.843 0.507 0.073 142 free-nucleon coupling constants. Yet there is ample evidence
Ga 0.805 0.567 0.091 1@ in nuclear physics that coupling constants for spin-flip pro-
®°As 0.791 0.589 0.100 1.480) cesses are quenched in the nuclear medium. Subsequently,
0By 0.777 0.609 0.110 1.501) Towner[16] revised his earlier resul{45] using quenching
Rb 0.763 0.627 0.120 1.512) factors that had been obtained previoydly—19 from stud-

ies of weak and electromagnetic transitions in nuclei
throughout the region ¥A<54. These quenching factors
verified. The ordeZa? term, 0.40%, while less secure has depend weakly on both mass and shell-model orbital.
been calculated twickb,6] independently, with results in ac-  There is a further consideration. The presence of quench-
cord. ing also breaks the universality of the Born te@gy,,,. Writ-

~ Taking a similar approach for the nucleus-independent raimg the evaluation ofg,,, with free-nucleon coupling con-
diative correction, we write stants agom (free), thenCg,,, (quenchefican be written

AY%=2.12-0.03+0.20+ 0.1%~2.4%, 9) Caom (quenched=qCeyr (free

of which the first term, the leading logarithm, is unambigu- =Cpgom (free)+(q—1)Cgom, (free),

ous. Again, to achieve unitarity of the CKM matriy (12)
would have to be reduced to 2.1%: i.e., all terms other than

the leading logarithm must sum to zero. This also seemshereq is the factor by which the product of the weak and
unlikely. The adopted value of the nucleus-independent raelectromagnetic coupling constants is reduced in the medium

diative correction has been set[42] relative to its free-nucleon value. The first term in Efj2)
remains universal, while the second term is now part of the
AR=(2.40=0.08%. (100 nuclear-structure dependence of the radiative correction.

. . ) . Thus dys is written
Note this value differs slightlyfbut within errorg from an

earlier valug[11] because of the decision by Sirljd2] to a
center the cutoff parametem,, where (,/2)<mjy ons=—{Cns (quenchegtt (q—1)Cgom (freg). (13)
<2mg,, exactly at thea;-meson mass when evaluating the

axial contribution to the radiative-correction loop graph. This
range of possible values fon, is the dominant contributor
to the error in Eq(10).

We have calculated thés correction for a wide range of
nuclei with 0" (T=1) ground or isomeric states that decay
by superallowed3 emission; we used the shell model with
effective interactions as described in Appendix A. Results for
both quenched and unquenched coupling constants are given
in Table II. All but the last column in that table give the

The nuclear-structure-dependent part of the radiative corresults from one particular calculation for each parent nu-
rection is denotedys. Although for the superallowed tran- clide. (In most cases, two or three independent calculations

B. The éys correction
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TABLE II. Shell-model calculations of the nuclear-structure dependent component of the radiative coréggtidie four components
that are summed to giv€y\g characterize the four electromagnetic couplings:=o®rbital isoscalar, ss= spin isoscalar, ov= orbital
isovector, and sw= spin isovector.

Parent Unquenched Quenchédg (g—1)X Sng(%0)

nucleus Cns 0s Ss ov sv total Ceon(free) Quenched Adopted
T,=-1:

10c —1.669 0.002 -0.283 —0.002 —1.065 —1.348 —0.188 —0.357 —0.36035)
Yo —1.360 —0.008 —0.341 0.082 —0.782 —1.049 -0.221 —0.295 —0.25050)
BNe —1.531 -0.011 -0.249 -0.119 -0.812 —1.191 —-0.210 —0.325 —0.29035)
22Mg —1.046 -0.009 -0.222 -0.067 -—0.497 -—0.796 -0.226 —-0.237 —0.24020)
26gj —0.986 -0.007 -0.224 —-0.086 —0.424 -0.741 —0.242 -0.228 —0.23020)
303 —0.800 0.002  -0.287 0.020 -0.300 -—0.566 —0.257 -0.191 —0.19015)
S4Ar —0.770 0.014  -0.322 0.061 —-0.272 -0.519 —-0.273 —0.184 —0.18515)
38Ca —0.693 0.041  —0.358 0.091 -0.214 —0.440 —0.288 —0.169 —0.18015)
42T -1.011 -0.016 —0.181 —-0.225 —0.354 —0.776 —0.256 —0.240 —0.24020)
T,=0:

26mp| 0.352 —-0.007 —0.224 0.086 0.424 0.279 —0.242 0.009 0.0020)
s4cl —-0.135 0.015 -0.333 —0.064 0.280 —0.101 -0.273 —0.087 —0.08515)
sémk -0.276 0.042 -0.363 —0.093 0.216  —0.198 —-0.288 -0.113 —0.10q15)
42sc 0.472 -0.016 —0.182 0.228 0.358 0.389 —0.256 0.031 0.0320)
46y 0.101 -0.004 —0.197 0.099 0.198 0.096 —0.263 —0.039 —0.04Q7)
50Mn 0.054 -0.009 -0.184 0.104 0.152 0.063 —-0.270 —0.048 —0.0427)
%4Co 0.161 -0.013 —0.180 0.133 0.203 0.144 -0.277 —0.031 —0.0297)
62Ga 0.172 0.005 —0.289 —0.058 0.445 0.103 —0.289 —0.043 —0.04020)
66As 0.124 0.006 —0.291 —0.070 0.421 0.066 —0.295 —0.053 —0.05020)
Br 0.077 0.009 —-0.295 —0.083 0.401 0.032 —-0.301 —0.063 —0.06020)
"Rb 0.155 0.009 -0.261 0.006 0.353 0.106 —0.306 —0.046 —0.06520)

were performed for a single parent, each with a differenthe orbital contributions. Further, and more interesting, the
shell-model Hamiltonian.The last column lists the values isoscalar and isovector contributions are in phase when the
we adopt fordys: these values result from our assessment otlecaying nucleus ha$,=—1 and out of phase when the
the quenched results fromll calculations made for each decaying nucleus hag,=0. This indicates that much larger
decay—not just the ones shown in the previous columns—orrections are obtained in tHE,= —1 series than in the
with uncertainties chosen to encompass the spread in the —o series. If one looks at mirror transitions, this effect
results from those calculations. alone contributes between 0.1 to 0.3 % to a mirror asymme-
Extra details are also given in columns 3-6 of the table,y , the ft values. Since current experiments aim at 0.1%

for. the quenchgd calculat.ion since.this Is the version that W‘éiccuracy, this effect might just be at the edge of detectability.
ultimately use in evaluatiny,q. With two-body operators

there are two types of contributions: those in which both
interacting nucleons are in the valence model space, and
those in which one nucleon is in the valence space and one is
in the closed-shells core. In the latter case a sum is required
over all the core nucleons. The isospin structure of the op- Turning, next, to the isospin-symmetry breaking correc-
erator is interesting to note: the weak interaction contributiortion d¢ it too can be separated into two components
is isovector, while the electromagnetic contribution is isosca-
lar or isovector. The combined operator therefore is either 0c=0c1t Oc2- (14
isovector or isotensofAn isoscalar combination is just pro-
portional to the unit operator in isospin space and does not
induce a Fermi transition.Both the valence nucleons and The first term 8¢, arises from Coulomb and charge-
those in the core contribute to the result for isovector operadependent nuclear interactions that induce configuration
tors, only the valence nucleons contribute to the isotensomixing among the 0 state wave functions in both the parent
operators. and daughter nuclei. Being charge dependent, this mixing
In Table Il we show contributions t6ys from the various ~ serves to break isospin symmetry between the analog parent
components of the electromagnetic interaction: orbital isosand daughter states of the superallowed transition. The sec-
calar(09), spin isoscala(s9, orbital isovectorov), and spin  ond termdc, is due to small differences in the single-particle
isovector(sv). Note that the spin contributions are larger thanneutron and proton radial wave functions, which cause the

C. Isospin symmetry-breaking corrections
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radial overlap integral of the parent and daughter nucleus to Calculations oféc; turn out to be very sensitive to the
be less than unity. Strictly speaking, these two aspects of theetails of the model calculation. This would be a very unfor-
calculation of §c cannot be separated, but in all but onetunate property if we were not able to adopt certain strategies
calculation to dateincluding those reported heréhis divi-  that act to reduce the model dependence considerably. Be-
sion has been mad¢The exception is the (82+4)iw cause of the variation afc; with (AE)? [see Eq(18)], it is
large-basis shell-model calculation of Natir&t al.[20] for ~ important that the isospin-independent Hamiltonian produce
the lightest superallowed emittéPC.] This division is akin  a good quality spectrum of Ostates. Since this is not always

to the division made in setting up a shell-model calculation possible to achieve in the shell model, especially for nuclei
where the configuration space is divided into a small, tractnear to closed shells, our first strategy is to compensate for
ible valence space and a remaining excluded space. &ken this by scaling the calculated:; values by a factor
arises from the charge-dependent mixing within the valencAE)Z ./ (AE)Z ., the ratio of the square of the excitation
space, whiledc, represents the consequence of mixing be-energy of the first excited 0 state in the model calculation
tween configurations in the valence space with those in the that known experimentally. The second strategy we adopt
excluded space; this consequence being manifested by té reduce the model dependence was first used by Ormand
change in the single-particle radial wave function of the va-and Brown[7,22]. We constrain the charge-dependent part of

lence nucleons. the effective interaction to reproduce other charge-dependent
properties of the 0 states, namely the coefficients of the
1. The 6, correction IMME [21].

If, in a shell-model calculation, the effective interaction is ~ There are three ways in which charge dependence enters
isospin invariant, then the wave functions for the parent an@ur shell-model calculation. First, the single-particle energies
daughter analog states are identical, and the square of ti§é the proton orbits are shifted relative to those of the neu-
Fermi matrix element between theffor isospinT=1 statey ~ trons. The amount of shift is determined from the spectrum
is exactly|Mg|2=2. In addition, beta transitions to all other Of single-particle states in the closed-shell-plus-proton versus
0" states in the daughter are strictly forbidden. However, théhe closed-shell-plus-neutron nucleus, where the closed shell
addition of charge-dependent terms to the effective interacS taken to be the nucleus used as a closed-shell core in that
tion causes the breaking of analog symmetry. Under thes@articular shell-model calculation. These single-particle
conditions, the Fermi matrix element departs slightly from itsShifts are taken from experiment and are not adjusted. Sec-

isospin-invariant value. We write ond, a two-body Coulomb interaction is added among the
valence protons. The strength of this interaction is adjusted
IMg|2=2(1-6cy). (150  so that theb-coefficient of the IMME is exactly reproduced.

Third, we add a charge-dependent nuclear interaction by in-
Also, with charge-dependent terms in the effective interacereasing all theT=1 proton-neutron matrix elements by
tion, the Fermi matrix elements to other nonanaldgddates  about 2% relative to the neutron-neutron matrix elements.
in the daughter are no longer exactly zero. For exampleThe precise amount of this increment was determined by
there could be smalfusually less than 0.1%branches to requiring that thec-coefficient of the IMME be exactly re-
those excited 0 states that are energetically accessible toproduced.

beta decay. For the first excitédonanalog0* state, we can For each of the nuclei appearing in the previous tables, we
write list in Table Il the values of the corresponding measured
IMME coefficientsb and c together with the known excita-
IME[=25¢, . (16)  tion energyE,(0™) of the lowest excited 0 state in their

o . ~ daughters. As already explained, all our shell-model calcula-
In-a model calculation in which there are only two basistions were adjusted to reproduce exactly the values arfid
states, the depletion of Fermi strength in the ground-statg ang any discrepancy between the calculated and experi-
transition is entirely picked up by the transition to the excitedmental values oE,(0*) was compensated for by scaling the

nonanalog O state. Thus, calculated results fop.;. As we did in Table II, columns
1 5-7 of in this table give the results from one particular cal-
c1= ¢y (17 culation for each parent nucleus. These columns list the cal-

. o . . culated 0" excitation energy andc, values, both unscaled

Further, if or'lly' two-state mixing is considered, the magni-, 4 <caled for ang, (0%) discrepancy. Finally, the eighth

tUd? O.f dcy I8 inversely pro_portlonal o the square of the ¢, mp gives thes:, values we adopt. These values result

excitation energy of the excited'Ostate, i.e., from our assessment of the resultsadif calculations made

for each decay—not just the ones shown in columns 5—7—
1 _ (18) with uncertainties chosen to encompass the spread in_ the

(AE)? results from those calculations and to include the uncertainty

in the IMME b andc coefficients.

For our calculations, in which a large number of basis states For the nuclei withA=38 there are excitethonanalog

play a role, Eqs(17) and(18) are no longer exact. Even so, 0% states in the daughter nuclei that are accessible to beta

they remain approximately true and continue to be a usefutlecay. Some of the Fermi transitions to these states have also

guide. been measure[B,23]. In Table IV we list one set of calcu-

Oc1™
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TABLE lll. Shell-model calculations of the isospin symmetry-breaking correcfign

Parent Measured IMME coefficienfg1] E.(0") E.(0") Sc1(%)

nucleus b c expt SM unscaled scaled Adopted
T,=-1

oc —1.546 0.362 6.18 11.05 0.002 0.007 0.1
Yo —2.493 0.337 6.59 6.64 0.049 0.050 0.(30)
BNe —3.0451) 0.3471) 3.63 3.80 0.212 0.232 0.2@D)
Mg —3.8141) 0.3151) 6.24 6.34 0.010 0.010 0.0(1m)
265 —4.5352) 0.3022) 3.59 4.96 0.022 0.042 0.041m)
305 —5.1852) 0.2752) 3.79 3.86 0.186 0.193 0.1¢80)
S4Ar —5.7712) 0.2862) 3.92 3.91 0.031 0.030 0.0Gm)
%8Ca —6.3283) 0.2843) 3.38 3.21 0.026 0.023 0.0Q1m)
42Tj -6.7123) 0.28713) 1.84 3.60 0.065 0.249 0.20100)
T,=0

26ma —4.5352) 0.3022) 3.59 4.96 0.022 0.041 0.041D)
34l —5.7772) 0.2862) 3.92 3.91 0.103 0.103 0.10%)
sam. —-6.3243) 0.2843) 3.38 3.21 0.099 0.089 0.1(D)
423¢ —6.7123) 0.2873) 1.84 3.60 0.019 0.072 0.063D)
46y —7.32710) 0.27611) 2.61 3.92 0.043 0.097 0.08®)
50Mn —7.89230) 0.25930) 3.69 4.23 0.048 0.063 0.06%)
Co —8.51925) 0.27625) 2.56 2.26 0.058 0.045 0.041%)
62Ga —9.46370) 0.26525) @ 2.33 2.26 0.350 0.330 0.36Mm)
66As —9.9515) 0.26225) 2 217 1.81 0.356 0.247 0.2%80)
0Br —10.4823) 0.26(25) @ 2.01 1.72 0.479 0.352 0.36Mm)
"Rb —10.8225) 0.25825) 2 0.508 0.523 0.122 0.129 0.130)

8 stimated values extrapolated from a fita@oefficients in O states inA=4n+2 nuclei, 16s A<58.
PEstimated value taken to be an average of the excitation energies stafes in2Zn and "°Se.

lated 6%, values, both unscaled and scaled, along with thevhich appear in the last column of the table. With the pos-
value of 5%, we adopt based on the same assessment as thgible exception of the results fot™n, the agreement be-
described for Table lll. As before, the assigned errors refleciwveen theory and experiment is entirely satisfactory.

both the spread among the different calculations and the un-

certainties in the IMME coefficients. The measured branch- 2. The 6, correction

ing ratios were then converted ﬁél values[see Eq.(16)], The second isospin symmetry-breaking correction ac-

_ _counts for the difference in radial forms between the proton
TABLE IV. Shell-model calculations for the square of the Fermi j,; the parents-decaying nucleus and the neutron in the
i . . B
matrix element to the first excited"Ostatedc,. daughter nucleus. These radial forms are integrated together
and, if there were no difference between them, the integral

Parent 5¢(%) would just be the normalization integral of value one. The
nucleus unscaled scaled adopted expt  departure of the square of this overlap integral from unity
corresponds t@c,. There is a strong constraint on any cal-
T,=0 culation of 8c,: the asymptotic forms of the radial functions
S8mK 0.068 0.062  0.09@30) <0.28' must be matched to the separation ener§jeandS, , where
2S¢ 0.007 0.029  0.02R0)  0.04Q9)" S, is the proton separation energy in the parent nucleus and
v 0.020 0.046 0.03%15) 0.0535)% S, is the neutron separation energy in the daughter nucleus.
*Mn 0.038 0.049 0.04520) <0.016' These separation energies are well known and and may be
%Co 0.049 0.038 0.04@0) 0.0355)% found in any atomic mass table. It is the size of the differ-
52Ga 0.089 0.084 0.08820) ence betwee$, andS, and whether or not the radial wave
56As 0.027 0.019 0.02(20) functions have nodes that principally determine the magni-
oBr 0.095 0.070 0.07020) tude of 5¢,.
"Rb 0.045 0.047 0.05(80) Our calculations of this correction follow closely the

methods described in our earlier wdi¥]. We use a Woods-

°From Hagberget al. [8]. Saxon potential defined for a nucleus of masand charge
From Daehnick and Rod23], averaged with earlier results. Z+1 as
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TABLE V. Calculations ofsc, with Woods-Saxon radial functions, without parentage expansippsnd
with parentage expansio,, dt,, and sy, .

Parent Radius parametdifsn) Adopted value
nucleus (r)et o Sca(%) 5¢a(%) 5Ea(%) 5c2(%) Oc2(%)
T,=-1
¢ 2.476) 0.93166) 0.13210) 0.16712 0.16911) 0.16712) 0.17Q15)
Yo 2.744) 1.24432) 0.21711) 0.27Q12 0.26713 0.26713 0.27015)
BNe 3.043) 1.361200 0.2516) 0.38§9) 0.3878) 0.38110) 0.390(10)
Mg 3.054) 1.28126) 0.2078) 0.2499) 0.26110) 0.250(8) 0.25510)
265 3.1093) 1.20618)  0.2237) 0.33310) 0.32711) 0.32310) 0.33010)
305 3.242) 1.22313)  0.81215 0.72815 0.73017) 0.75016) 0.74020)
S4Ar 3.333) 1.25317) 0.35115 0.65021) 0.61026) 0.55619) 0.61040)
%&Ca 3.482) 1.26910)0 0.40211) 0.72717) 0.67418) 0.59612) 0.71Q50)
42T 3.60(5) 1.31622) 0.35914) 0.56326) 0.57229) 0.57833) 0.55540)
T,=0
26mp| 3.04(2) 1.19412)  0.1563) 0.2315) 0.2275  0.2254) 0.23010)
s4cl 3.392) 1.30311)  0.3148) 0.55711) 0.53615 0.47911) 0.53030)
sam 3.41(4) 1.24521) 0.29918) 0.54028) 0.49530) 0.44520) 0.52040)
423¢ 3.535) 1.30122 0.27811) 0.43520) 0.43826) 0.446298) 0.43030)
46y 3.60(7) 1.28531) 0.27317) 0.34421) 0.34122 0.32318) 0.330125)
50Mn 3.697) 1.26030) 0.31520) 0.43927) 0.45533) 0.438298) 0.45030)
4Co 3.837) 1.27529) 0.37622) 0.57834) 0.57739 0.56335) 0.57Q40)
52Ga 3.9410) 1.27442  1.31(11) 1.1011)  1.0711) 1.01(8) 1.0515)
66As 4.0210) 1.26441) 13212 1.2512 1.1814 1.078) 1.1515)
0By 4.1010) 1.26439)  1.4313) 1.1113) 1.0314  0.856) 1.00120)
"Rb 4.1810) 1.27637) 0.689) 15114  1.3818 1.2012 1.3040)
V(r)=—=Vof(r)=Vsg(r)l- o+ Vc(r)—Vyg(r) = Vyh(r), To determine the radius of the Coulomb potenkalwe

where

g(r)=(

m S

dr

h(r)=a?

I,2

RS

(19 first obtained the charge mean-square radifs}? of the
decaying nucleus. We used results from electron scattering
experimentd24], which actually provide the charge radius
f(r)={1+exd (r—R)/a)]} L, of a stable isotope of each element rather than the beta-
decaying isotopes of interest here. However, by examining
21 r—Rs r—Rs\] 2 the data on isotope shifts of charge radii we could make
a—Jexp{ a + ex;{ ) ] ' corrections for this effect to arrive at radius values applicable
to the decaying nuclides; we enlarged the assigned error ac-
df)\2 cordingly. Our selected values 6f?)}/? and their assigned
) ) errors are listed in Table V. To obtain an appropriate value
for R, two further adjustments are required to the experi-
Ve(r)=z€r, for r=R. mental values ofr?)2?: first, the finite size of the proton
must be incorporated and second, because the shell model
Ze? usesA single-particle coordinates rather thak- 1) relative
=R, , for r<Rq, (200 coordinates, a center-of-mass correction must be applied.
With a Gaussian form for the proton single-particle density
with R=ro(A—1)¥3 andR,=r ((A— 1)*3. Note thatg(r) is and harmonic oscillator _vva\gelgmctions for the shell_model,
rendered dimensionless through the use of the pion Compton'© shell-model rms ra(_j|u$r .>Sm relates to the experimen-
wavelength /m_c)?=2 fm?. The first three terms in Eq. tally measured rms radius via
(19 are the central, spin-orbit and Coulomb terms, respec-
tively. The fourth and fifth terms are additional surface terms 3
whose role we discuss shortly. The parameters of the spin- 2\ _ /2 S a2 h2
orbit force were fixed at standard valu¥s=7 MeV, rq (r9en=(r")smt 2(ap b*/A), @)
=1.1 fm, andas=0.65 fm, leaving four parameters to be
determined:R., the radius of the Coulomb potential, and

Vo, Io, anda characterizing the strength, range, and diffuse-where a,=0.694 fm is the length parameter in the proton
ness of the Woods-Saxon potential. density andb is the length parameter of the harmonic oscil-
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lator, approximatelyo®= A3 fm?. The Coulomb potential in justed to match the separation energy to that particular parent
Eq. (20) is that of a uniformly charged sphere. We match thestate. If we do not allow the proton and neutron radial func-

charge radius of this distribution witi?)/2 to determine the  tions R(r) andR"(r) to vary with the parent states but fix
radiusR, their asymptotic forms for alj to the separation energy of

the ground state of the parent nucleus, then the sumsmver
5 5 can be done analytically and the computed valuégf be-
Rc:§<r )sm- (22 comes independent of the shell-model effective interaction.
Results of this calculation are given in Table V and labeled

Finally, it remains to determine the parameters of the centrafc, . Results without this simplifying assumption are also
potentialV,f(r). The diffuseness is fixed at the same valuegiven and labeleds,. These latter results depend on the
as that of the spin-orbit potentia=0.65 fm for allAvalues effective interaction but not strongly. One reason for this is
except the lightestA=10 and 14, for which we used  that in implementing Eq(25), we use experimental excita-
=0.55 fm. The well deptlV, was adjusted case-by-case sotion energies in the A—1) nucleus for the lowest-energy
that the asymptotic form of the wave function exactly state of each spin and parity. The shell model is used to
matched that required for the known separation en&gy provide spectroscopic amplitudes and the excitation energies
With the well depth so fixed, we computed the radial waveof states in theA— 1) nucleus relative to the lowest state of
functions for all proton states bound in that potential andthat spin and parity. The difference betweéh, and ¢,
constructed the charge density of the nucleus from the squairdicates the role of the parentage expansions.
of these functions So far, the two surface terms in E(O) have not been
. included, V4=0, V,=0. It can be argued that the central
n . 2 part of the potential, which in principle should be determined
{r >Sm_2 %‘ @I+ 1) )y @3 from some Hartree-Fock procedure, should not be continu-
ally adjusted. Rather, any alteration should be to the surface
where 3+ 1 is the occupancy of protons in each orbital, part of the potential. Thus, in this method, we ¥y sepa-
nlj, and the sum is over the occupied orbitals. Here rately for protons and neutrons to match the ground-state
parent separation energi8s andS, . For the excited parent
N 2 4 * " states of excitation enerdgy, we adjust the strength of the
(r >””_f0 [Ru (DI dr/fo Ry (N[Fredr, (24 surface termV, (keepingV,=0) so that the asymptotic
forms match the separation energigst+E, and S,+E,.
with Rp;(r) being the radial wave function of the proton These results are listed in Table V g .
with quantum numbers)lj. We then determined the radius  The second surface term(r) is even more strongly
parameter of the Woods-Saxon potentiglby requiring the  peaked in the surface thay(r). Thus our fourth method is
(r®¥2 computed from Eq(23) to match that determined the same as the third, except that it is the second surface term
from experimental electron scattering Eg1). The value of V,, that was adjusted, keeping,=0. These results are listed
ro is also given in Table V and its error reflects the assignedn Table V asdg, .
error on(r?)42. On average, the method Il values 6§, are about 2%

In the shell model, theA-particle wave function$J;T;) lower than the method Il values; and method IV values about
and|J;T;) can be expanded into products @ 1)-particle 7% lower than the method Il values. These are not big dif-
wave functions|7) and single-particle function$j). In  ferences. The errors on each individual entrysgf in the
terms of this expansion, the Fermi matrix element is Table V reflects only the error in this quantity due to the

uncertainty in the r.m.s. charge radiig)2. Once again, as
\/§ we have done in previous tables, the values tabulated for
Me=\ o(TiMr 11|TiM~) 8o, 0L, 00y, andéy, give the results from one particular
calculation for each parent nucleus. Our adopiggl values
result from our assessmentaif multiple-parentage calcula-
tions made for each decay—not just those shown in the pre-
ceeding three columns. The error on our adopted value re-
o flects not only the uncertainty in the rms charge radius, but
Of= j R, (r)RY,rdr. (25  also the spread of results obtained with different shell-model
0 effective interactions and the different procedures II, IIl, and

The expansion coefficien8/4(i{|m;j) andSY4(f{|m;j) are V.

generalized fractional parentage coefficients and represent

the spectroscopic overlap of the and (A— 1)-particle wave D. Collected structure-dependent corrections: Their reliability
functions. The sum in Eq25) is over all parent statelsr) Our adopted values for the three nuclear-structure-
and all single-particle orbitals active in the shell-model cal-dependent correctiondys, 6c1, and 8¢, are collected in
culation. Note that the radial integra]” are labeled with  Table VI. Since their impact on th values is in the com-
. These integrals are evaluated with eigenfunctions of théination (5c— dys) [see Eq.(6)], wheredc= 8c1+ Sco, WeE
Woods-Saxon potential whose well depth is continually ad{ist our results for this combination with the individual errors

X{Z U(%TiTw%E)Sl’z(i{lw;j)sl’z(f{lw:j)Qj”},

jm
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TABLE VI. Adopted values for the three nuclear-structure de-
pendent corrections for superallowed Feyndecay.

PHYSICAL REVIEW C 66, 035501 (2002

TABLE VII. Calculated values for the isospin symmetry-
breaking correctiord: in percent units. Previous calculations are
compared with the present results.

Parent Ons(%) dc1(%) Oc2(%) e~ Ons(%)

Parent Towner Ormand  Sagawa NdiraPresent
1—5: -1 nucleus and Hardy and Brow? etal® etal®  work

C —0.360(35) 0.010(10) 0.170(15)  0.540(39)

Yo —0.250(50) 0.050(20) 0.270(15) 0.570(56) T,=-1
BNe —0.290(35) 0.230(30) 0.390(10)  0.910(47) '°C 0.182) 0.159) 0.00 012 0.1®)
Mg —0.240(20) 0.010(10) 0.255(10) 0.505(24) O 0.283)° 0.159) 0.29 0.323)
26gj —0.230(20) 0.040(10) 0.330(10)  0.600(24) **Ne 0.453) 0.623)
30g —0.190(15) 0.195(30) 0.740(20)  1.125(39) Mg 0.353) 0.272)
4ar —0.185(15) 0.030(10) 0.610(40)  0.825(44) Si 0.424) 0.372)
%Ca —0.180(15) 0.020(10) 0.710(50) 0.910(53) *°S 1.2110) 0.944)
427 —0.240(20) 0.220(100) 0.555(40) 1.015(110) *Ar 1.049) 0.644)
T,=0 %Ca 0.899) 0.735)
26mp| 0.009(20)  0.040(10) 0.230(10)  0.261(24) “*Ti 0.62(6) 0.7811)
4l —0.085(15) 0.105(20) 0.530(30) 0.720(39) T,=0
sam. —0.100(15) 0.100(20) 0.520(40)  0.720(47) 2°"Al 0.33(5)° 0.309) 0.27 0.272)
425¢ 0.030(20)  0.060(30) 0.430(30)  0.460(47) *Cl 0.64(7)® 0.579) 0.33 0.644)
46y —0.040(7) 0.095(20) 0.330(25) 0.465(33) *"K 0.64(7)f 0.599) 0.33 0.625)
S0Mn ~0.042(7) 0.055(20) 0.450(30) 0.547(37) “*Sc 0.406)" 0.429) 0.44 0.494)
%Co —0.029(7) 0.040(15) 0.570(40)  0.639(43) ‘v 0.456)" 0.399) 0.433)
6Ga —0.040(20) 0.330(40)  1.05(15) 1.42(16)  °Mn 0.479) 0.359) 0.51(4)
As —0.050(20) 0.250(40)  1.15(15) 1.45(16)  **Co 0.616)" 0.4409) 0.49 0.614)
Br —0.060(20) 0.350(40)  1.00(20) 1.41(21) *%Ga 1.26-1.32  1.42 1.3816)
"Rb —0.065(20) 0.130(60)  1.30(40)  1.50(41)  As 1.41-1.68 078 1.4016)

0By 1.11-1.4%2 1.3521)

"Rb 0.91-1.08 0.74 1.4340)

added in quadrature. Note that in the combinatiaf (
— Sye) all three corrections are in phase with the exceptionBoth dci and dc, are taken from Towner, Hardy, and Harvi),
of the smalldys values in the cases 6f™Al and “*Sc. For
the nine nuclei for which precisioft values have been mea- "Both 5c; and o, are taken from Ormand and Browa7].
sured,°C and“O of theT,= — 1 series, and®"Al to >‘Co i
of the T,=0 series, the nuclear-structure correction rangesvalue of 5c from Navrail, Barrett, Ormand20].
from a low of 0.26% for*®"Al to a high of 0.72% for*®*"K.
Of particular interest is that larger values are found at thehe values ofdc, are taken from Ref8].

upper end of thes,d shell in theT,=—1 series and at the 9Referencd27] uses two methods to calculage, for these cases;
upper end of the, f shell in theT,=0 series. This is mainly
due to the radial overlap correctiaf, which yields larger
numerical values whenever a single-particle orbital with 3publications[26,8]. These were based on the same methods

radial node contributes importantly in the parentage expanys those used here: shell-model calculations to determine
sions, such as thes), orbital in the uppes,d shell and the

2ps, 2Py, Orbitals in the uppep,f shell.
There have been a number of previous calculation8:of

except as noted.
°SGllI results from Sagawa, van Giai, and Suzi#8].
€The values of5., are taken from Refl26].

to be consistent with other numbers in this column, we quote the
results for Hartree-Fock wave functions.

dc1, and full-parentage expansions in terms of Woods-Saxon
radial wave functions to obtaid.,. Ormand and Brown,
whose value$27] for §c appear in column 2, also employed

but only one oféys. The latter was performed by one of the the shell model for calculating;, but they derivedsc,
present author$16] using the same techniques describedfrom a self-consistent Hartree-Fock calculation. Both of
here but applied only to the nine well-known superallowedthese independent calculations #y—those in columns one
transitions and with similar—though different in detail— and two—reproduce the measured coefficients of the rel-
shell-model calculations to ours; the results for those transievant isobaric multiplet mass equation, the known proton
tions are very similar to the present results, well within theand neutron separation energies, and the meadtirealues
error bars in all cases. of the weak nonanalog™0—0" transitions[8] where they

The more numerous results from previayscalculations — are known. The agreement of these calculations with our new
appear in Table VII, where they are compared with ourresults is rather good, especially for the well known nine. In
present results. Four groups of authors have published valudéise cases of the less well knowi,= —1 nuclei between
for 6, the first in 1973. In the table, we present the most*®Ne and*?Ti, the differences are in general larger, but this
recent results from each group for each transition. The valueflects improvements ted-shell calculations realized since
in the first column are those calculated previously by us1973, when the only previous calculatiof5] were pub-
reported first in Refd.9,25 and then refined in more recent lished.
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The other two previous calculations shown in the table TABLE VIll. Calculated values for the correcte#it values
provide a valuable check that thedg values do not suffer based on the adopte@verage oc values and world-average ex-
from severe systematic effects. Sagawa, van Giai, and Siperimentalft values.
zuki [28] have added RPA correlations to a Hartree-Fock _
calculation that incorporates charge-symmetry and charge-c' "t Adopted Experimental Corrected
independence breaking forces in the mean-field potential {gucteus 9c(%) fi(s) 7(s)
take account of isospin impurity in the core; the correlations;T,= —1:

in essence, introduce a coupling to the isovector monopol&c 0.173) 3038.745) 3072.748)
giant resonance. The calculation is not constrained, howevetio 0.243) 3038.1198) 3069.426)
to reproduce known separation energies. In addition, the aur,=0:

thors themselveR28] admit that their HF-RPA calculations  26mp 0.29(3) 3035.817) 3071.422)
cannot properly take account of pairing in open-shell nucleiz4g 0.61(3) 3048.419) 3070.625)
as a consequence, the discrepancies between their values el 0.61(3) 3049.521) 3070.927)
the others for*’Cl and *¥"K is not considered significant. 425 0.463) 3045.114) 3075.724)
Clearly the overall trend of the shell-model-based calcula-s,, 0.41(3) 3044.618) 3074.427)
tions is well reproduced by these very-different calculations so,, 0.433) 3043.716) 3072.928)
thus ruling out the possibility that the former had missed54C0 0.533) 3045.811) 3072.127)
significant core contributions. Finally, a large shell-model

calculation has been mounted for the= 10 case by Navt, AverageFt 3072.28)
Barrett, and OrmanfR0]. This “microscopic” calculation of X v 0.6

dc also supports the results of the more macroscopic calcu= _
lations reported here and in columns 1 and 2. “Average of present results with those of Ormand and Brf@i;

We can now address the question of whether the ckppoth are listed individually in Table VII. The uncertainties are ex-
unitarity problem might be removed by plausible changes irP/ained in the text.
the calculated structure-dependent corrections embodied ifPata taken from Ref.1].
dc— Ons- As can be seen from Table VI, the typical value of
Sc— Ons Is of order 0.5% for the nine well-known cases
currently used in the unitarity test. To remove the unitarity
problem, the nuclear-structure dependent correctiofs (
— dns), would all have to be raised to around 0.8%. Neither
the present work nor any previous calculation gives any in
dication that such a systematic shift is plausible under an
reasonable circumstances.

The structure-dependent corrections have another mo . ) :
impressive credential, one that is not often appreciated: the The next cplumns in Taple VIIT contain the experimental
are demonstrably effective in bringing the disparate experi-t values, which we hav_e simply taken from Reff], and the
mental ft values into agreement with CVC. If the experi- co_rrected]:t values: which we have. calculated from 5.
mentalft values were left uncorrected, their scatter would be!SiNg oc from the first column of this tablejys from col-
quite inconsistent with a single value for the vector couplingtMn two of Table VI andbg, from the last column of Table I.
constantG, . Once corrected, the resultigg values are in 1 he averageft value and the corresponding per degree
excellent agreement with this expectation. In a very reaPf freedom also appear at the bottom of the table. The same
sense, it can be said that CVC supports the structurdDformation is presented graphically in Fig. 1. The upper

dependent corrections. This point will be amplified in thePanel shows the uncorrected experimertavalues and the
next section. lower panel the correctedt values with the average indi-

cated by a horizontal line. Evidently, in these cases, at the
current level of precision the nucleus-dependent corrections
act very well to remove the considerable “scatter” that is
apparent in the experimentf values and is effectively ab-
With improved calculations fob: and ys, we are now  sent from the correctedt values. As mentioned already, the
in a position to extract correctefit values from the current consistency of the correcteft values %/ »=0.6) is a pow-
world data for the nine well known experimentdl values.  erful validation of the calculated corrections used in their
To do so, we follow the same procedure we have used in thderivation.
past[2,1] to arrive at values foi: that best represent the Of course it is only theelative values of c— Sys) that
results from the two groups that have made complete calclware confirmed by the absence of transition-to-transition varia-
lations: in the present situation that means we use Table Vitions in the corrected?t values. Howeverg: itself repre-
and take an unweighted average of the results in columsents a difference—the difference between the parent and
three (Ormand and Browr{27]) with those in column six daughter-state wave functions caused by charge-dependent
(present work Noting that there is a small systematic dif- mixing. Thus, the experimentally determined variations in
ference of 0.08% between the two sets of calculations, w&: are actually second differences. It would be a pathologi-

remove that difference and then analyze the scatter of all
nine pairs ofdc results about their respective averages to
obtain a standard deviation of 0.034%. Our adopigd/al-

ues appear in the second column of Table VIII where they
also include the adopted “statistical” uncertainty of 0.034%.
The “systematic” uncertainty of+0.04%, obtained from
he average difference between the two calculationsaf
Iréeed not be applied unti,, is extracted from théft values)

Ill. THE 7t VALUES: PRESENT STATUS
AND FUTURE PROSPECTS
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Table VIII and thus improve the comparison with CVC that

c *c1 “Sc¢  *Mn L oo s
0 wmAl WK Yy MCo is illustrated in Fig. 1. However, given the large amount of
sosz 1 high-quality data that is already incorporated in these fitne
3050 | values, significant improvements are unlikely in the near
s04s | { _term. A more promising _e_xpenmental fapproach to testipg
is offered by the possibility of increasing the number of su-

3044 ries of 0" nuclei present themselves: the ev&nT,=—1
ft 0! nuclei with 18sA=<42, and the od&, T,=0 nuclei with
A=62. The main attraction of these new regions is that the
3040 | .
calculated values of-— s for the superallowed transitions
3038 T { are larger, or show larger variations from nuclide to nuclide,

s T { { { } perallowed emitters accessible to precision studies. Two se-

than the values applied to the nine currently well-known
transitions(see Table V). In principle, then, they afford a
valuable test of the accuracy of th& calculations. It is
o 5 1'0 1'5 2'0 2'5 30 argued that if the calculations reproduce the experimentally
observed variations where they are large, then that must
surely verify their reliability for the original nine transitions
*c *Cl  “Sc  “Mn whose d: values are considerably smaller. The calculations

Yo Tal Yk ‘v “Co reported here, the only complete set available for all these
T new cases, should provide a sound basis to which new ex-

3076 perimental data can be compared.
7[- 3074 | Currently, the greatest attention is being paid to The
w072 T T T | =0 emitters withA=62, since these nuclei are being pro-
I duced at new radioactive-beam facilities, and their calculated

3070 T T T dc corrections had previously been predicted to be large
a0e8 | 1 [27,28. It is likely, though, that the required experimental
) ) ) ) ) precision will take some time to achieve. The decays of these
0 5 10 15 20 25 30 nuclei are of higher energy and each therefore involves nu-
merous weak Gamow-Teller transitions in addition to the su-
perallowed transition[29]. Branching-ratio measurements

FIG. 1. Comparison of experimentilvalues and the corrected Will thus be very demanding, particularly with the limited
Jt values for the nine well-known superallowed transitions. Thisintensities likely to be available initially for most of these
illustrates the effect of the calculated nucleus-dependent corregather exotic nuclei. In addition, their half-lives are consid-
tions, which change from transition to transitidithe effect ofsg erably shorter than those of the lighter superallowed emit-
is virtually the same for all casgs. ters; high-precision mass measurement2 (keV) for such
cal fault indeed that could calculate in detail these variationsShort'hved act|V|_t|es W'” also be very cha_llenglng.

More accessible in the short term will be tHg=—1

(i.e., second differencgsn Sc while failing to obtain their I demi ith 48A<42 There | q
absolutevalues(i.e., first differencesto comparable preci- SuPerallowed emitters wit =#<. Iherels good reason

sion to explore them. For example, the calculated value & (
. 30

We have argued that decreasing the radiative correctiom Sns) for =S decay, though smaller than those expected for
S, from 1.4 to 1.1 %, oY% from 2.4 to 2.1 % is unlikely to the heavier nuclei, is actually 1_.13%—Iarger than for any
be the solution to the CKM unitarity problem; and that there0ther case currently known—whiéMg has a low value of
is no support from calculations for an average increase in th8-51%. If such large differences are confirmed by the mea-
nuclear-structure dependent correctiaf € dyg), from 0.5  suredft-values, then it will do much to increase our confi-
to 0.8 %. We are therefore confident that the unitarity resulgience in the calculated Coulomb corrections. To be sure,
in Eq. (2), which is unchanged by our new calculations, in-these decays will also provide a challenge, particularly in the
corporates structure-dependent corrections that are corregteasurement of their branching ratios, but the required pre-
within their stated uncertainties. Nevertheless, these uncecision should be achievable with isotope-separated beams
tainties are conservatively assigned and, as we remarked that are currently available.
the Introduction, they contribute significantly to the overall
uncertainty of the unitarity test. There is every reason to

3036

3034 | -

3080 |

3078 |

—-o—

3066

Z of daughter

continue to_focus on thes_e correction_s, both_ experiment_ally IV. CONCLUSIONS
and theoretically, with a view to reducing their uncertainties
still farther. We have presented a new and consistent set of calcula-

One way to do so, of course, would be to increase thdions for the nuclear-structure-dependent correctiods (
precision of theft values for the nine cases tabulated in — dyg) required in the analysis of superallowed 80"
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beta decay. Twenty transitions have been included in outruncated calculation, the spectrum obtained férdates in
calculations, the nine well known ones already used in theA=50 and 54 is in very poor agreement with experiment, a
CKM unitarity test, and eleven more that are likely to be much larger energy gap between the ground state and first
accessible to precise measurements in the future. The unitagxcited 0" being obtained. Thus, we have made further ad-

ity test itself is unchanged by our calculations, one of severglstments to the interaction centroids to obtain a much im-
indications we offer that these corrections are under controhroyed spectrum in the truncated space.

V\iithir:the!rZtated(;mctertai(l;_ti(ta_s.We havet_also argued_thgllt tlhe For nuclei with A=62, 66, and 70 we considered the
structure-independent radiative corrections are similar N —A_ R
sound. If the apparent deviation from unitarity is to be re—)fnodGI space fsz fsi2,P1a)", with n=A-56, which is
solved without demanding some extension to the standar?
model, the only remaining possibility is through undiscov-
ered errors inV,g, whose value is currently derived from
Kez decay[4,30] and has not been revisited in nearly 20
years.

We have also shown that the uncertainty quoted for th ayr
unitarity test can most effectively be improved by reductionseXcitation energy.
in the uncertainties oA% and (5c— dys). We have outlined The problem cases werk=14, 18, 38, 42, and 74. In
an experimental method by which the latter can be improvedg@ch of these cases, the experimental exqﬁad'@tes are at
and have provided the full set of calculated corrections thag much lower energy than can be obtained in shell-model
can be tested against experiment. The stage is now set forc@lculations. This is symptomatic of the presence of de-
new influx of experimental results on previously unexploredformed configurations intruding among the spherical shell-
superallowed transitions, from which the calculatedmodel configurations. For example, in the=42 spectrum
structure-dependent corrections can be tested and confirméae lowest-energy states are predominantly two particles out-
or refined. In either case, the uncertainties should be reduceside a closed*®Ca core|2p) but lying low in the spectrum
and the unitarity test sharpened. are “intruder” states with a configuration of four particles
and two hole§4p—2h). Mixing between these configura-
tions must occur, and it is difficult to obtain the correct de-
gree of mixing with the shell model. Shell-model calcula-

The work of J.C.H. was supported by the U.S. Depart-tions that attempt to mix2p) and|4p—2h) configurations
ment of Energy under Grant No. DE-FG03-93ER40773 andencounter what has been call&] the “n% w catastrophe.”
by the Robert A. Welch Foundation. I.S.T. would like to The presence d#4p—2h) configurations depresses t/&p)
thank the Cyclotron Institute of Texas A&M University for states, opening up a large energy gap betweenh2pg and
its hospitality during several two-month summer visits. |4p—2h) states. This would be corrected somewhat if the
model calculation includefbp—4h) states as well, since the
role of the|6p—4h) states is to depress thép—2h) states.
Thus if the model space is truncated to include dgly) and

In the tables of results presented in the main text, we havigdp—2h) states, the depression driven by ttép—4h)
only provided one set of values for each decay studied. Howstates on thé4p—2h) states is absent. In an attempt to cir-
ever, for each nucleus, many calculations were performedumvent this catastrophe we weakened the cross-shell inter-
with varying choices of effective interactions and shell-actions. Specifically, at mass 14, 18, 38, and 42 we used
model spaces. The error assigned to the adopted values rise Millener-Kurath [38] interaction to evaluate the
flects the spread in the results and our estimate of the uncef2p|V|4p—2h) matrix elements. We multiplied these matrix
tainty in the calculated value based on the quality of theelements by a factdr that ranges from 0.0 to 1.0. When
shell-model calculation. =0.0, there is no mixing betwed2p) and|4p—2h) con-

The choice of an effective interaction is easily made forfigurations, and wheh=0.6 the ground-state wave function
shell-model calculations in light nuclei whose principal con-is approximately 80%2p) and 20%4p—2h). Our strategy
figurations involve several valence nucleons away from mawas to adjustf so that the excited 0 energy is approxi-
jor shell closures. There are well established interactions thahately equal to the experimental excitation energy. We have
give excellent fits to spectra. Fér=10, we use the Cohen- examined the sensitivity of our results to variations and
Kurath [31] interaction(8-16POT and forA=22, 26, 30, ensured that the spread of values obtained were within the
and 34, we use the universgld interaction(USD) of Wil- assigned errors attributed.
denthal[32]. For nuclei withA=46, 50, and 54, we consid- There are some older interactions that operate in very re-
ered two interactions: the Kuo-Brow matrix [33] as  strictive model spaces, but remove thkw catastrophe by
modified by Poves and ZukgB4] and denoted KB3, and the allowing mixing between|2p), |[4p—2h), and |6p—4h)
fp-model independent interaction of Richtetal. [35]  configurations. These are the Zuker-Buck-McGrdi3o]
and denoted FPMI3. For nuclei with=50 and 54 it (ZBM) interaction as modified by Zuk40], which uses the
was not possible to perform untruncated calculations in the,,,, s;,,, andds, orbitals for theA=14 and 18 nuclei; and
full  fp space; our calculations only contain the Federman-Pittg#1] (FP) interaction which uses thay,
(f712" (P32, f52,P12)" configurations withr<2. In this and f,, orbitals for the A=38 and 42 nuclei.

ased on a closefl,, shell at the®®Ni core. This model
pace is the one used by Koops and Glauderiz6isn their
study of nickel and copper isotopes. We found this model
space, with a modified surface delta interactidMSDI) as
used in Ref.[36], gave acceptable spectra for the beta-
&ecaying nuclei, with excited 0 states at about the right
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Finally, at mass 74 there is a related but slightly different  (p.,,fs/5,p1/0) 28+ (Pa2)®(F5/2, P12)8(Jos2, dsr, G770 %
problem. The spectrum in &, s, p1,) e model space
gives about the right density of natural-parity states. The
difficulty is the presence of unnatural-parity states lying low
in the spectruntfor example, °Br has a 5/2 at only 280 Let us call the first term in EqAL) the Ohw term, and the
keV excitation, while”®Rb has a probable 3f2at 40 ke\j. second term with two nucleons promoted to thg shell the
Further, the excited 0 state in “Kr is at only 508 keV, 2% term. Because of therfw catastrophe,” we again
whereas the [f5,f5,p12) 8 model calculation puts the multiply all (0% w|V|2% ) matrix elements by a factdrand
state at 2550 keV. The influence of thegh, 2ds, and  adjustf so that the excited 0 state in”“Kr is reproduced at
possibly 1g,, orbitals is evidently quite strong at the end of its experimental location. All matrix elements were then cal-
thep,f shell. Thus, we have used the following model spaceculated with the MSDI interactiof36].
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