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ABSTRACT

The mesonic enhancement of the time-like component of the weak axial cur-
rent in nuclear matter is very large and is best observed via its effect on the
decay rate of AJ = 0 (ir,irf = - ) /? decay. Studies in the A = 16, 40, and 90
regions yield enhancements of 40-60% over the impulse approximation. The
lead region is a rich source of information on these first-forbidden decays. This
study is the first to extract information on mesonic enhancement from these
decays. 206Hg -* 2OGT1 —• 206Pb is chosen to exemplify the approach which
has been applied to 10 or so first-forbidden decays in A = 205-214 nuclei. The
nuclear wave functions are evaluated via large-basis shell-model calculations.
The results indicate a much larger enhancement than expected and thus the
possibility of some non-nucleonic effect in addition to the mesonic enhancement
considered to date.

INTRODUCTION

In 1978 Kubodera, Delorme and Rho1 used chiral-symmetry arguments and
soft-pion theorems to predict a very large (~ 40-70%) enhancement over the
impulse approximation for the time-like component of the weak axial current
in nuclear processes, i.e., for the matrix element of 75. In the same year, Gui-
chon et al2 made a similar prediction and showed that the expected enhance-
ment, due to meson-exchange-current contributions to the matrix element of
7s, is most easily observed via first-forbidden 0 decay between states of the
same spin since 75 is a rank 0 operator and the selection rule on the rank R is
\Ji—J/\ < R< J,+Jf.ln this talk I shall endeavor to sketch the procedures and
calculations which lead to the conclusion that not only is an enhancement over
the impulse approximation definitely present (as was previously known2"10),
but in A ~ 208 0 decays it appears to be considerably larger than the evalu-
ations of its magnitude which have been made to date from meson-exchange
alone.

The strong AJ = 0 first-forbidden decays in the lead region Fall into two
categories: Those for which the dominant decay is v2pi/2 —> x2sl/-> and
f 1<7D/2 —* 'fOAn/2, respectively. The decays of the first type are shown in Fig. 1.
The second type is comprised of the decays of the six A = 209-214 Pb isotopes
I shall consider here the least complicated of the decays of Fig. 1; namely,
2r«Hg _ a« T 1 _ 2uopb-n-is Analysis of the other decays of Fig. 1 involves
the evaluation of rank 1 matrix elements as well as rank 0 matrix elements.
This has been achieved successfully and the results for the other A ~2U8 decays
will be presented at a later time.
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FIG. 1. Fast AJ = 0,1 first-forbidden decays in the lead region. The
decays shown are those for which the dominant single-particle transition
is u2pi/2 —• T2J, / 2 - For each decay branch, the branching ratio (in
percent) and the logft value is given.

The prediction of a sizable mesonic enhancement of the axial current was
greeted with considerable interest and gave rise to a large number of exper-
imental and theoretical studies. On the experimental side, a great deal of
effort was directed to the accurate measurement of the rank 0 decay rates of
first-forbidden /? decays in the A = 16 region. These are reviewed by Towner1,
Warburton5, and Millener and Warburton6. Recently, the decay of 96Y(0") has
also been subjected to experimental scrutiny' and the available data for the A
~40 region was examined for possible evidence of meson-exchange effects8. It
turns out that all the experimentally known interesting decays for A < 100 are
of the type S\j2 «-» pi/2 and occur near A = 16 and 96.

The activity on the theoretical side has been of two types. The more funda-
mental is the actual evaluation of the one-pion exchange process. The predic-
tion of a large meson-exchange effect is of a general nature but can be expected
to be modified by the nuclear structure of the initial and final states. Evaluation
of nuclear structure effects on the partial decay rate due to first-forbidden beta
decay as mediated by one-pion exchange is quite difficult if the same rigour is
demanded as can be brought to the impulse approximation calculations via the
shell model. Nevertheless, much progress has been made; mainly by Towner
and his colleagues34, and Kirchbach and her colleagues310. It has been found
that the predicted enhancement is relatively insensitive to nuclear structure.
This insensitivity is expected' because the effect is mainly due to the inter-
action of the valance nucleons with the core. Kirchbach and Reinhardt" have
calculated meson enhancements for the matrix element of 7-, of between 40-60%
for transitions near A = 16, 96, and 206. These authors have also stressed that



renormalization of the nucleon mass, as is encountered in relativistic mean-field
theories, can also lead to an enhancement of the matrix element of 7-,. This
effect — parameterized by using an effective nucleon mass — is expected to in-
crease with mass number. Thus we should speak of non-nudeonic enhancement
rather than the more specific meson-exchange enhancement.

The second type of theoretical activity involves as careful an evaluation of
the decay rate as possible via the impulse approximation as formulated in the
spherical shell model. The extent of enhancement due to effects of the nuclear
medium is then ascertained by a comparison to experiment.0"8 We now consider
this approach in detail.

CALCULATIONS

There are two rank 0 operators which contribute to first-forbidden beta decay
in normal order. These are the space-like operator a • r, and the time-like
operator, 75. The latter is relativistic and has a non-relativistic form ex <x-p. We
shall refer to the matrix elements of these operators as MjJ and M,̂ , respectively.
The evaluation of these matrix elements in the impulse approximation has
been fully discussed elsewhere." In principle, the shape factor for the rank 0
contribution to a first-forbidden beta decay has terms dependent on the beta
energy, W, namely, a W"1 in leading order and a Win the next order in Z
(Ref. 16). However the contribution of these terms — and all other higher-order
terms — is at most a few percent of that for the energy independent terms in
the cases of interest here1""17 and we can define a rank 0 first-forbidden matrix
element combination in terms of the f̂ t value for the decay8:

Ml"](expt.) = [9.15//«*]>x 104. (1)

Here fu is the Fermi integral for allowed decay, and t is the partial half-life for
that portion of the decay in question which is rank 0. We can also express the
prediction for M, as

M\"] = [€nnqrMj + a{Z, W^rJqsMS] (2)

where M,' and Mf, are calculated using the impulse approximation and by
convention M,' is chosen positive, eIln is the non-nudeonic enhancement factor
which we wish to evaluate, a(Z, W,,,ru) is the usual factor for first-forbidden de-
cays, with W(j being the 0 end-point energy and rtl the uniform charge radius
corresponding to the experimental root-mean-square (r.m.s.) charge radius.
e,,,, is then evaluated by equating Eqs. (1) and (2). My convention is that M,'
and Mjs denote matrix elements evaluated in the model space of Fig. 2, the
Kuo-Herling18 model space. There are potentially large core-excited contribu-
tions from 2p-2h excitations of the final state, see Fig. 3. Because of Pauli
blocking due to the large neutron excess there are no contributions due to
the initial-state admixtures which connect directly to the dominant final-state
terms other than those included in the model space of Fig. 2. The final-state
core excitations comprise <1% of the final-state wave functions and thus can
be added perturbatively. This has been done1'1 using various realistic interac-
tions and the results are incorporated as effective "quenching" factors — the



qr and qs of Eq. (2). For rank 0 operators qr ~ — qs (this is an identity for
harmonic-oscillator v,-i.ve functions) and qs ~ 0.9 while for the rank 1 operators
the quenching factors are ~ 0.5. The difference between the quenching of rank
0 and 1 is that the cental and tensor contributions are destructive for rank 0
and constructive for rank I.19
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FIG. 3. Diagram indicating some of the
relevant configurations entering for first-
forbidden transitions in the lead region.
The example shown is that of 21K3T1 -»
2u6Pb. Arrows indicate the configura-
tions linked by the beta decay.

It should be noted that non-nucleonic effects on Mj are predicted to be small,
of the order of a few percent.2"4 Application of the approach of equating Eqs.
(1) and (2) has yielded an average value for enn of 1.64 for four decays near A
= 16 (Ref. 5) while at A = 96 a value of 1.70 is obtained.7

The experimental information on the A = 206 decays is as follows. The half-
life and Qa-value for 206Hg decay are 489(6) s (Ref. 11) and 1309(20) keV (Ref.
20). The ground-state brandling ratio is 61(12)% (Refs. 11-13). The resulting
values of f(Jt and logfut are 2.61(55) x 10s and 5.42(9), respectively. The half-
life and Qj-value for 2(K5T1 decay are 252(1) s (Ref. 13) and 1531(4) keV (Ref.
20). The ground-state branchingj^atio is 99.91(2)% (Ref. 13,14). These result
in values for f«,t and logt,t of 1.527(16)xlO5 and 5.184(5), respectively. The f,,
values were calculated using the parameterization of Wilkinson and Macefieid"1.
Using Eq. (1), we obtain values for M^'fexpt.) of 59(6) and 77.4(4) for -v'(iHg



and ->l)(iTl decay, respectively.
For rank 0 operators we have the simple relation

Atf = Y,OBTD(j)Mii(j) (3)
J

where OBTD(j) and M;?(j) are the one-body-transition-density- and beta-decay
matrix element for the single-particle-transition j , —» jf with j , = jj = j . The
relationship for My is, of course, similar. The OBDT(j) are the output of the
shell-model calculations to be described below. The M*(j) and M({ (j) were eval-
uated with Woods-Saxon, Hartree-Foch, and Harmonic Oscillator wave func-
tions. The results for Woods-Saxon and Hartree-Foch wave functions were
very similar and we only describe the former. The Woods-Saxon parameters
were those listed for 2u8Pb by Street et al.2221. These parameters reproduce
the experimental r.m.s charge radius of 2u"Pb, 5.502 fm, and give a difference
in the r.m.s proton and neutron radii of —0.12 to —0.20 fm (depending on
the occupation numbers of the orbits) which is also consistent with the known
experimental evidence.22 With these parameters Mf, and M[s for both decays
are ~ 1 % and ~4% less, respectively, than calculated with harmonic-oscillator
wave functions using a value of b which gives the same r.m.s charge radius.
The sensitivity of the calculated matrix elements to the separation energy of
the neutron in the initial state amd the proton in the final state was examined
in detail and the evaluation was formulated so as to include the effect of the
fragmentation of the parentages of the decaying nucleons over many states of
the A-l parent.24. It was a surprise to find that the results were very insensitive
to the separation energies so that there appears to be negligible uncertainty
from this source. !

The evaluation of the OBDT(j) via shell-model calculations was done with
three different interactions. (1) the surface delta interaction (SD1) of Poppelier
and Glaudemans25, (2) The Kuo-Herling hole interaction, labeled KHHIH, and
(3) a large-basis interaction labeled PKH. The calculations were carried out
with the shell-model code OXBASH20. The Poppelier-Glaudemans interaction
uses a model space consisting of the nearest three particle orbits and four hole
orbits with respect to the 2t*Pb core for both neutrons and protons. The
relative single-particle energies of these orbits and the two other parameters of
the SDI were determined by a least-squares-fit to 74 experimental energies in
A = 207-209 nuclei assuming at most lp-lh excitations relative to the doubly-
closed Z = 82, N = 126 core. This interaction gives good agreement with
binding energies and other observables and gives an adequate description of
the general features of the A = 206 beta decays. However, the Coulomb energy
was not treated consistently in its derivation so that, e.g., it cannot be used for
the 2IJHT1 decays (Fig. 1) and its single-particle energies are suspect. Thus we
concentrate our attention on the results using the KHH and PKH interactions.
The Kuo-Herling interaction works in the "hole" (orbits below -""Pb) space of
Fig. 2 using the single-particle energies listed in the figure. The version used
here — labeled KHH,. — has some two-body-matrix-elements (TBME) tuned
to give better agreement with binding energies of levels in J'"'Hg, "'"'Tl. and



The PKH model space is the same 14 orbits as the Poppelier-Glaudemans in-
teraction. It uses the KHH,. TBME for the orbits below *"8Pb. For the particle-
particle interaction it uses the Kuo-Herling TBME with the core-polarization
contribution increased to compensate for the truncation."'1 The particle-hole
TBME are taken from a potential fit to a G-matrix derived from a nucleon-
nucleon potential.2' The same potential was used to evaluate the qs and qj for
each individual single-particle transition.l!) In the KHH,, space the J-dimensions
[D(J)J of the m iHg(0+), 2l)6Tl(0-), and 2lKiPb(0+) states are 5,4, and 6. In the
PKH space all possible lp-lh excitations across the 2ll8Pb double shell closure
are included. The D(J) are now 134, 185, and 111. The results from the two
calculations are combined to give a composite set of OBTD(j). This perturba-
tive approach is justified because the contributions which are not common to
the two calculations (j = 7/2, 9/2, 11/2) are due to very small components in
the wave functions. The synthesis of the KHH and PKH results for the beta
matrix elements are summarized in Table I.

TABLE I. Contributions to M, from the possible single-particle transitions.
The matrix elements qsM(j and q-yM^ are in fm.

orbit
V X

2pi 2s L

2pi ldi
if s id.;
lfi Ogi
OiA Oh A
lga Ohj

total

2««Hg -

ff.s-Af,f
-6.172
-0.514
-0.269
-0.012

1.27 A
-0.025

-5.719

- 2U«T1

91.747
7.676
3.874
0.348

-24.437
0.403

79.610

2 1 J 6 T 1

qsM,f
-7.542
-0.531
-0.520
-0.003

1.291
-0.008

-5.242

- 2ucHg

82.1.36
7.924
7.950
0.078

,, -24.630
0.126

73.585

The results are generally as expected. The KHHe wave function components
involving the f2pt/2 and ir2s|/2 orbits comprise 71%, 92%, and 52% of the 2W)Hg,
-'*'T1, and 2u0Pb ground-state wave functions, respectively. Thus normalization
reduces the contributions of the dominant t/2p,/2 —* T2S| / 2 component to well
below its i/2p!/2 -• *"2s,/2 single-particle values which, for 2(J6T1 decay are -7.54
fm for qsM{

s
f and 113.22 fm for qjM^. Because of the repulsive nature of the

T = 1 particle-hole interaction in nuclear matter, the other 'pure' particle-
hole term — that involving the j = 11/2 orbits — is opposite in phase to the
main particle-hole term. The other four contributions involve hole-hole terms
in 2IKiTI and as such have the opposite phase to particle-hole terms. The same
effect was observed in 'K'Y decav (Ref. 7) and in a previous study of -"°T1 —>
•IKiPb (Refs. 15,28).

For -<MiHg and -(KiTl decays we calculate a(Z, VV,,, r,,) values of 14.09 and
14.40, respectively. Equating Eqs. (1) and (2) we find the predictions for the
two €„„ values are 1.75(18) and 2.08(1), respectively, where the uncertainties are
experimental only. The corresponding Poppelier-Giaudemans SDI values are



1.98(21) amd 2.07(1). The results for these A = 206 decays are representative
of those found for all the fast A ~ 208 AJ = 0 decays which collectively give
a firm value of eriM % 2.0.

SUMMARY

Let us summarize the findings. The meson-exchange contribution to the
matrix element of -y5 has been calculated by Towner and Khanna1 for 16N(0~)
decay, enn = 1.45-1.60, and by Kirchbach and Reinhardt8 for A = 16, e,ln = 1.50,
A = 96, enn = 1.60, and A = 206, enn = 1.40. The non-nucleonic contribution
can be obtained indirectly by comparing impulse approximation calculations
to experiment. This approach, which we have detailed, yields enil = ~1.64 for
A = 16, ~1.70 for A = 96, and ~2.0 for A ~ 206. These results for A = 16
and A = 96 are larger than the predictions but not unduly so considering the
uncertainties inherent in the shell-model calculations. For A ~ 208, however,
the extracted value of £„„ is considerably larger than the value of 1.40 predicted
from meson-exchange alone and it can be argued that the uncertainties in the
shell-model calculation are probably less than in the lighter nuclei. Thus, the
present conclusions suggest the possibility of sizable effects on cnll from non-
nucleonic effects other than those so far evaluated.

Thanks are due to N.A.F.M. Poppelier and P.W.M. Glaudemans for expert
advice and criticism and to M. Kirchbach for an enlightening discussion.
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