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Mesonic Enhancement of the Weak Axial-Vector Current
Evaluated from P Decay in the Lead Region

E. K. Warburton
Brookhaven National L.aboratory, Upton, New York 11973

(Received 18 January 1991)

A shell-model study is made of first-forbidden P decay in A =205-212 nuclei. A least-squares fit for
eighteen hJ=O and 1 decays gave a scaling factor for the rank-one contributions of 0.97+ 0.06, i.e.,
agreement with experiment, and an enhancement factor eMqc for the rank-zero matrix element of y5 of
2.01 0.05, indicating an enhancement by 100% over the impulse approximation. A 40% effect is pre-
dicted from meson exchange. Thus, a deficiency in the meson-exchange calculation or some further un-
foreseen effect is suggested.

PACS numbers: 23.40.Hc, 21.60.Cs, 23.40.Bw, 27.80.+w

A large meson-exchange-current (MEC) contribution
to the timelike component of the weak axial-vector
current ys in nuclear media was predicted in 1978.'
The enhancement over the impulse approximation is pre-
dicted to be —(40-70)% and insensitive to nuclear
structure and details of the MEC. It is most easily ob-
served via its effect on first-forbidden p (FFB) decay.
Most of the activity generated by this prediction has cen-
tered on the A =16 region ' and theoretical studies are
still being carried out there. Evidence for MEC effects
has also been found for A —40 and 96. The lead re-

gion provides a large number of FFB decays including
the fastest known (see Fig. 1). Nevertheless, there has
been no detailed MEC studies at A-208. It is the pur-
pose of this Letter to describe such a study. More detail,
including a discussion of specific decays, will be given in

a longer article. ''
The P matrix elements are calculated via

MR X JAR(J Jf) XDR(J Jf)MR(JiJf eff)'
J(Jf JsJf

+DR(j jf)q.(j jf)MR(j jf) .

In Eq. (1) a labels a matrix element of rank R, MR(j;jf)
is a single-particle matrix element for the transition j;

jf in the impulse approximation, and the quenching
factor q, (j;jf) corrects MR(j;jf) for the finite size of the
model space. The DR(j;jf) are the one-body transition
densities which are the result of the shell-model calcula-
tions performed with the code OXBASH. Calculations
for all A =205-212 nuclei of Fig. 1 were made with real-
istic interactions based on G-matrix descriptions of
nucleon-nucleon potentials as well as with a surface-8 in-
teraction ' (SDI). The Kuo-Herling ' ' interactions for
particles (KHP) above and holes (KHH) below Pb
form the basis of the interaction. In order to incorporate
1p-1h excitations into the calculations performed with
the two Kuo-Herling interactions and to calculate the
A =207-209 decays, an interaction which connects the
KHH and KHP model spaces was developed in the mod-
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FIG. 1. FFB decays for (a) A =205-209 and (b) A
=209-212. P branches and logfot values (Ref. 10) are given.

el space of Poppelier and Glaudemans. ' The two KH
interactions were truncated (with compensating mod-
ifications) to this model space (see Fig. 2)."' The lp-
lh part of the Poppelier-Kuo-Herling (PKH) interaction
was generated by a G-matrix potential' (H7B) plus the
Coulomb potential.

The decay rates were calculated using the full rigor
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model space. There are many possible transitions involv-

ing the ' 2p-2h admixtures in the final state. Those
affecting the allowable transitions from the PKH model
space were recently considered. ' These results give ex-
plicit values for the q, (j;jf) of Eq. (1) derived using the
H7B interaction.

Comparison to experiment is made here via the aver-
aged shape factor '

(C(8')) =9195x10 /for
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FIG. 2. The Kuo-Herling and PKH model spaces. Single-
particle energies (keV) are experimental. The Kuo-Herling in-

teraction includes all the orbits shown and is for either (a) par-
ticles above Pb or (b) holes below ' Pb. The two are not
connected. The PKH model space includes fourteen orbits
(solid lines) with the particle and hole orbits connected.

and accuracy of the Behrens-Buhring formalism' in-
cluding consideration of higher-order terms in the expan-
sion of the shape factor and in the evaluation of the Fer-
mi integral. '' To summarize, the rank-zero (RO) and
rank-one (R 1) components of FFB decays can be formu-
lated in terms of two RO matrix elements Mo and Mo—the spacelike and timelike components of the axial-
vector current —and two Rl matrix elements M~ and
M~ —the El-like and Rl spin-dipole operators. The
matrix elements Mg (j;jf) were evaluated using Woods-
Saxon wave functions. ' The dependence on the separa-
tion energies of the vj; and zjf orbits was examined criti-
cally. '' Contributions from excitations of the core can
have a large effect on the first-forbidden matrix ele-
ments. ' The important core-excited admixtures in the
initial (final) state are those connected by a one-body
operator to the dominant terms in the final (initial) state.
Restrictions on the matrix elements of r and its deriva-
tives limits first-forbidden decay to transitions between
adjacent major shells. This selection rule and Pauli
blocking severely restricts the contributions from initial-
state admixtures. Only those transitions involving Oh»/2
proton holes contribute and all are included in the PKH

+8(R) 8(0) +8(l) +8(2) fm2 (2)
R

The g approximation is useful for displaying the physics
involved in the RO and R I decays: "

8,"' =(M"')'=(~ M'+a M')'

8' =(M') =(aM" —aM )

where the a are positive, largely kinematical and insens-
itive to nuclear structure. The g approximation has er-
rors of ~4% for RO and ~ 10% for Rl. For har-
monic-oscillator wave functions, Mo (j;jf) and Mo (j;jf)
are related by

Mri (j;jf) = —(E,. Im, c )Mo (j;jf ) . (4)

Using EtI. (4) with Eo„=hco =7 MeV and as = 14, we
have 8r = (14eMEC —14) (Mo) fm . It is clear from
this approximation why the observation of fast RO de-
cays calls for strong enhancement. On the average
a„iMr I

—a„~Mf I, so that the R 1 decay rate depends
critically on the relative phase of M~ and M~ which
varies with j; and jf. For example, the phase is odd for
v2p~/2 x2s~/2 and even for v1g9/2 zOh9/2, thus pro-
viding a simple explanation for the strong R 1 contribu-
tions to the decays of Fig. 1(a) and the weakness of the
ground-state decays in Fig. 1(b).

Results for the DR included input from either the
KHH or KHP interaction, and all 1p-1h excitations
across the Pb interface with the PKH interaction. For
A =207-209 only the PKH calculation is relevant. The
J dimensions of the PKH calculations varied up to 2538.

With the RO and R 1 matrix elements evaluated as de-
scribed, a least-squares fit was made with

(C(R'))'~ =[B ( )+8 ' ( )]' (5)

where the quantities varied in the fit are explicitly dis-

played as variables and sq~ is a state-independent scaling
factor for M

&

' . The fit was made to the eighteen decays
shown in Fig. 1 and gave t..MEC=2.01 ~0.05, q~ =0.97
+ 0.06, and gD (g per degree of freedom) equal to 1.00
if a uniform uncertainty of 13% is ascribed to the calcu-
lation of all eighteen (C(8'))'~. The results of the fit
with Eq. (5) are summarized in Fig. 3. How sensitive is
the result to the specific shell-model interaction used?
The SDI results for eMEg for all decays of Fig. 1 except
those for A =208 (not calculated) were consistent with
the result of t. MEg =2.01 but with a larger spread in indi-
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FIG. 3. Comparison of experimental and theoretical values

of (C(W))'/ (in fm) for the decays of Fig. l. Experimental
errors are shown only if they exceed the size of the symbols.

FIG. 4. Strength distribution (matrix element squared) for
the RO matrix element Mg connecting excited states of 206Tl to
the 0+ ground state of Pb. The theoretical distributions
have been folded with a Gaussian function for ease of viewing
and to simulate the experimental resolution which might per-
tain for the inverse charge-exchange reaction. The dominant
v-z transition is indicated for the major structures.

vidual values (a least-squares fit was not performed). It
is clear that the parametrization of Eq. (5) results in a
highly successful description of the decays of Fig. 1.

The eighteen decays show a great deal of regularity
and can be understood with simple ideas. To aid this un-

derstanding the RO and Rl strength distributions for
Tl(0, 1 ) Pb(0i+) were calculated in the PKH

model space with all possible 1p-1h excitations included.
The strength distribution for (Mo) is shown in Fig. 4.
The distribution for (Mo) will be, of course, nearly
identical to that of (Mo), i.e., see Eq. (4); those for the
R1 decays are similar. As expected, the spectrum of
Fig. 4 is dominated by a particle-hole "giant resonance. "
Recall that other first-order effects have been incorporat-
ed via the q, (j;jf) which, in this case, represent the
effects of "particle-hole" admixtures in Pb and thus
would be manifested by a giant resonance in Pb if the
reverse experiment were performed.

Contributions to the Hg(0+) Tl(01 ) decay
shown in Table I display a pronounced coherency. All
single-particle transitions are in phase except the
vOi ~ ~/2 zOh ~ ~/2 particle-hole transition. This behavior
is due to the general nature of the interaction; the
particle-particle and hole-hole interactions are attractive
so that their strength is concentrated in one (or a few)
state and pushed to low energy in the same manner and
to a comparable degree as the familiar 2~+ state in even-
even nuclei. Likewise, the particle-hole interaction is
repulsive so its strength is concentrated at higher ener-
gies and its contribution to lower states will be destruc-
tive. With two exceptions, this simple behavior is ob-
served for all the RO contributions of Fig. 3. These ex-
ceptions are connected to the concept that the hole-hole

plus particle-particle strength is isolated. Let us call this
strength a "pygmy" resonance. It is expected that initial
states will have a pygmy resonance in the final nucleus as
well. The exception to the coherency occurs when the in-
itial and final states are not each others pygmy reso-
nances. Transitions between other states will, of course,
not display this strong coherence, and, in fact, can be ex-
pected to display a great deal of destructive interference.
In some instances we observe a state for which the des-
tructive interference is maximal while the individual
single-particle contributions are strong. We term this
state "anticoherent. "

For the decays of Fig. 3 there are two cases for which
the pygmy resonance does not include the lowest-lying
state. These are Tl(5+)~ Pb(51 ) and ''Pb(

2 )
"Bi((—', )1 ). In the first case, the (p, n) pygmy res-

onance of the Tl(5 1+ ) state is isolated in the
Pb(52 ) state —in the RO decay to the 51 state all

VJI'

f7/2

fs/2

p 3/2

P I/2

~ I l/2

g9/Z

Total

g7/2

ds/2

d 3/2

S 1/2

h9/2

Do(j)

0.002
—0.018

0.063
—0.808

0.061
0.004

Mg(j, elf)

165.813
—217.167

123.146
—112.573
—421.981

143.803

0.347
3.996
7.762

90.939
—25.884

0.516

77.676

TABLE I. Predicted values for the rank-zero DR(j) and M$
of Eq. (I) for the decay of Hg(0+) to the first 0 state of
2 6Tl. The results for Mg show the same coherence. Note
j;=jf—=j for RO decays.
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other single-particle contributions are destructive to
v2p~i2 z2s ~y2 and so this is a classic anticoherent state.
Nevertheless, the v2p ~g2 x2s ~/2 transition is dominate
enough so that the logfot is low. Another example of an
anticoherent transition is the neutrino capture by

Tl( —,'+) leading to Pb(2 )." The predictions for
such anticoherent transitions are inherently less reliable
than those for "coherent" transitions. The R1 decays
can be understood in the same way, but the remarkable
clarity of the eN'ects observed for RO decays is somewhat
diminished. The present results provide a further reason
in addition to those already known for the plethora of
fast first-forbidden P decays in the lead region. The
observed coherency is quite remarkable. It results in

large matrix elements even in those cases where the tran-
sitions are not very single-particle-like.

%'e have made the assumption that t.'MFc is state in-
dependent. Our results would suggest that this assump-
tion is good to within the theoretical uncertainty in eMEc,—6%. The justification for this assumption comes from
the studies showing that the MEC enhancement is well
approximated by a matrix element proportional to that
of a" p/M which is the nonrelativistic form of y5.

The only known calculation of the two-body MEC
contribution for the lead region gives |.'MEg=1. 40 for
the v2p~y2 x2s~g2 transition in A =206. This result is
in serious disagreement with the present finding of 2.01.
Let us discuss the ingredients of this disagreement.

Possible errors in the present calculation. —The suc-
cess with which the R1 moments have been reproduced
provides considerable confidence in the calculations.
Thus, we are looking for an error(s) in our calculations
which is systematic enough to be parametrized success-
fully and leaves the Rl decays essentially unaffected.
One possibility has to do with the very large eAect of the
tensor part of the G matrix on qs and qT. ' Because
Mo and Mo are conjugate operators, we have I —

qT= —(I —qs) so that any change in these factors has a
magnified efI'ect on B~ . The large tensor contribution
to the interaction is illustrated by the H7B result for the
v2p~g2 x2s&/2 transition; for it, qp =1 —0.381+0.305,
where the last two terms are the central and tensor con-
tributions, respectively. ' A 60% tensor reduction, cou-
pled with eMEc =1.4, would give agreement with experi-
ment. This reduction has the deficiency that it will de-
crease the agreement for the R1 moments.

Relativistic effects Kirchbach and .—Reinhardt noted
that the enhancement of 40% was not enough to bring
the RO logfot values for Hg Tl Pb into

-agreement with experiment. They proposed relativistic
(or other'?) eA'ects which could be parametrized by an
effective nucleon mass M* via

y5 a" p/M* .

The present results would give M*=0.7M assuming
this parametrization to be equally applicable to the one-
body and two-body contributions.

In conclusion, the result @ME~=2.01 ~0.05 is in very
poor agreement with the only calculation of the MEC
eA'ect in the lead region. This calculation would give
eMEc = 1.4 if the enhancement were due to MEC effects
alone. Either the calculation is a severe underestima-
tion of the MEC contribution or some other eff'ect is also
contributing. There is no obvious explanation for this
discrepancy and so one is lead to consider unobvious
ones. One possibility is that the tensor contribution to
the eftective nuclear interaction is seriously overestimat-
ed. Kirchbach and Reinhardt suggest the possibility of
relativistic eAects. Certainly, more theoretical work
needs to be done to address these questions.
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