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ABSTRACT: Wilkinson's 1977 Les Houches lectures summarized in detail
how nuclear beta decay can be used to investigate fundamental nuclear
phenomena and the achievements of this utilization up to that time. In
this short talk the subsequent activity is briefly summarized and one
area of high activity, namely first-forbidden beta decay, is singled
out for more lengthy discussion. Specifically, the subject of interest
is the very large meson exchange contribution to the time-like compon-
ent of the axial current and the efforts to isolate this enhancement by
means of careful shell-model calculations.

1. INTRODUCTION

Without any question, s decay has been the area of conventional nuclear
spectroscopy which has made the richest and most rewarding contributions
to our understanding of fundamental nuclear interactions. Oenys Wilkinson
has had a long and fruitful involvement with beta decay. His interest
arises partly because of its great impact on nuclear spectroscopy per se,
but mostly because of its use as a probe of more fundamental processes in
nuclei. Denys1 interest culminated in his beautiful 1977 Les Houches lec-
tures titled "Symmetries and Nuclei" {Wilkinson, 1978). These lectures
are the starting point and touchstone for this short talk.

The matrix elements of vector and axial currents are given, with obvious
notation, as

< p j v |P.> = io(p ){q y + g a q + ig q }u(p.) , (1)
f ' u 1 ! f V p M u v v Su l

<P_IA |p.> = ia(p ){g Y + ig a + g o q }v5u(p.). (2)
f ' u ' i f An P u T nv ii i

CVC demands that 9$ = 0 . 9y , 9M , 9^ , and 9p are associated
with f i rs t -c lass currents while 9y belongs to the famous second-class
current (SCC). Oenys has been involved for several decades in the study
of these six terms. He has made important experimental and theoretical
contributions to the extraction of accurate free-nucleon values for9y
and 9^. He pioneered the evaluation of the quenching of 9^ in nuclear
matter and he started a whole cottage industry when he raised questions as
to the possible existence of SCC. All of these subjects are discussed in
detail in the Les Houches lectures. We heard about the determination of
9y and 9^ from Prof. Deutsch and about the quenching of 9^ from
Prof. Arima. In this talk I would l ike to comment br ie f ly on the SCC
problem and then turn to a discussion of f i rst-forbidden beta decay.
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2. SECOND CLASS CURRENTS AND WEAK MAGNETISM

Second class currents are unwelcome in gauge theories, hence it is impor-
tant to determine 9 T empirically. Evaluation of the evidence regarding
the possible existence of SCC was made by Oka and Kubodera (1980) some
three years after Les Houches. They considered 9 nuclear systems, found
no evidence for SCC, and set limits on it of -1/3 of weak magnetism,
i.e., 9f/|. One experiment which did not contribute to setting this limit
was the famous 8Li-8B beta-delayed a-spectrum analysis of Wilkinson and
Alburger (1971). The data from this experiment consisted of 8B(B+)8Be(2a)
and 8Li(3")8Be(2a) spectra and the fractional ratio between the two decay
rates: 6 = (ft)+/(ft)~ -1 in an obvious notation. I recently made an
R-matrix fit to the two a-spectra (Warburton 1984), that for 8B decay is
shown in Fig. 1. These quite successful fits point out the fact that the
beta decay proceeds to at least 3 8Be levels, thus greatly complicating the
analysis of 5 to extract 6SCC, i.e. 6=6BIND+6SCC. First of all,
consider the evaluation of 6^IND which must be subtracted from 6 to ob-
tain 6SCC. sBIND arises from the different overlaps of the initial
and final states in 6+ and B" decay. This effect is presumably mainly due
to the different binding (and thus different radial wave functions) of the
valence nucleons in the two initial states. However, there can, in prin-
ciple at least, be a dependence on the final state as well as on the 8Be
excitation energy.

The uncertainty in the evaluation of 6 B I N D is the main uncertainty in
the extraction of fiSCC -jn -this and other comparisons of 3± decay. A
"completely satisfactory treatment of fiBIND nas yet to be made. What is
needed is a shell-model treatment which includes Coulomb effects and real-
istic nucleon wave functions. A hopeful step in this direction is the de-
velopment by Ormond and Brown (1985) of just such an interaction. The
value of their interaction is demonstrated by their evaluation of the
"nuclear mismatch" factor (Wilkinson 1978) in Fermi decays.

Fig. 1 The 6+-delayed a-spectrum of
8B is shown in the lower panel. The
data is that of Wilkinson and Albur-
ger (1971) and the R-matrix f i t to 4
levels is from Warburton (1986). The
middle panel is the B± asymmetry of
Wilkinson and Alburger (1971). The
iupper panel shows the weak-magnetism
•results of McKeown, et a l . (1980).
The l ine labeled C-K connects the
•Cohen and Kurath (1965) predictions
|(extremia of the l ine) for the low-
est- lying T=0 2+ levels.
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Returning to the second-class current problem, there is also the expected
State dependence of 6$CC to contend with. These problems have been
treated by Kubodera and colleagues (Kubodera 1976) from a phenomenoiogical
point of view. I feel that an R-matrix treatment might give a more accu-
rate l im i t on 6SC^ and thus on 9^ . Likewise, interpretation of
the weak magnetism term as determined by McKeown, et a l . (1980) and shown
at the top of Fig. 1, is complicated by the many-level aspect of the f inal
state and could also benefit from a simultaneous R-matrix analysis of the
Wilkinson-Alburger a spectra and the ct+a + 8Re+y spectrum of Bowles and
Garvey (1978).

Let me emphasize the extraordinary longevity of the Wilkinson-Alburger
mass 8 data. I t is 16 years old and, in the last two years alone, has
been ut i l ized for three state-of-the-art analyses: (1) The R-matrix
treatment which yields Gamow-Teller matrix elements for the two decays as
well as 8Be level parameters, and (2) two independent determinations (Beh-
call and Holstein 1986, Napolitano, et a l . 1987) of the "best" 8B neutrino
spectrum for use in understanding the solar neutrino problem.

3. FIRST-FORBIDDEN BETA DECAY

One subject not discussed by Denys at Les Houches (Wilkinson 1978) is that
of the mesonic enhancement of the time-like component of the axial cur-
rent, i.e. the matrix element of Y 5 . The reason this was not discussed was
simply that his friend Mannque Rho, and his colleagues, were a little too
late in predicting this effect (Kubodera, et al. 1978). Briefly, soft-
pion theorems (or more generally chiral-symmetry arguments) can be invoked
to predict a large (-40-70%) enhancement over the impulse approximation
for the time-like component of the axial current in nuclear processes.
This matrix element—and thus the validity of this prediction—is most ea-
sily studied via first-forbidden beta decay between states of the same
spin. First-forbidden beta decay is observed near closed shells where
valence nucleons in the initial and final states occupy orbits of opposite
parity. The favored region of study is near 160 where it is believed that
the nuclear structure is best understood.

In general, six matrix elements contribute to first-forbidden beta decay
in normal order. Two of these involve operators of rank 0, three of rank
1, and one of rank 2. It is the rank 0 time-like component of the axial
current which is expected to be enhanced and is therefore of interest.
For the special case of 0+«-->-0~ decays only rank 0 can contribute. Thus
this—and particularly 16N(0-)->-lc0(0+)--is the favored case for the study
of the meson enhancement. However, other J+J decays can contribute useful
information if the rank 0 contribution can be isolated. Calculations by
John Millener and myself (Millener and Warburton 1985) have shown that the
rank 0 contribution is dominant in all known J+J decays for A<37. Thus,
shell model calculations of the rank 1 and 2 contributions can be sub-
tracted off the experimentally determined total rate to give the rank 0
contribution with useful accuracy. Better yet, in some cases the rank 0
contribution can be isolated experimentally. At Brookhaven, we have done
this for the l/2+ > 1/2" decays of both n B e (Warburton, Alburger and
Wilkinson 1982) and 1 5C (Warburton, et al. 1984). For n B e decay the fi-
nal state is the 1/2" 2125-keV first-excited state of n B and the experi-
ment consisted of a measurement of the electron-neutrino correlation via
observation of the floppier shift of the 2125-keV deexcitation y rays as
summarized in Fig. 2. The corrections indicated in the lower right panel
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Fig. 2 Electron-neutrino correlation
in the f irst-forbidden decay of u Re.
Top l e f t : 1JBe decay scheme. Top right:
Example of floppier shi f t in 6-Y geome-
try and the relation between the Hop-
pier sh i f t and the asymmetry coef f i -
cient a1(W). ar(W) depends on the
ratio of rank 0 to rank 1 matrix ele-
ments. Bottom r igh t : The Doppler
shi f t is shown as a function of 6 en-
ergy and is compared to expectations
for some specific decays.
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of Fig. 2 are mainly due to y-feeding from the higher-lying levels. Since
these levels are fed by allowed S decays with accurately known branching
ratios, the corrections are quite accurately known. The result of Fig. 1
is consistent with essentially a pure rank 0 contribution, i.e., ct^w)-
+1.0, so that a limit was set on the rank 1 contribution fajfw)- -1/3].
Incidentally, this is (to date) the last Brookhaven experiment with which
Denys was involved.

The extraction of the rank 0 contribution to l/2+ 15C decay to the 15N
1/2" g.s. was made from the shape factor determined from 5C and 15N beta
spectrum measured by Alburger, Gallmann and Wilkinson (1958), some 29
years ago! At that time there were no digital computers at Brookhaven and
Denys made a graphical analysis of the 1 6 N and 1 5C spectrum to extract
branching ratios for these two cases. When our interest in rank 0 decays
was aroused in 1984 we realized that these 16N and 15C spectra were a val-
uable source of information. First of all, the 16N e branching ratios are
needed for interpretation of all the experiments made to obtain the 16N(0")
•* 160(0+) decay rate and the Alburger-Gallmann-Wilkinson B spectrum—even
though 2<J years old—yields the most accurate values (Warburton, et a]I.
1984). We also realized that the first-forbidden shape factor of the 15C
l/2+ + 1/2" decay could, in principle, be used to separate the rank 0 and
1 contributions. Accordingly, a computer analysis was performed (Warbur-
ton, et al. 1984) and indeed the shape factor (see Fig. 3) was determined
with sufficient accuracy to yield a separation of the rank 0 and 1 rates..

Fig. 3 Beta-ray spectrum for
I5C(S-)15N. The data is that of
Alburger, Gallmann and Wilkinson
(1959). The lines are least-
squares fits assuming branches
to 1 SN levels at 0 and 5.30
MeV. The intensities of these
were varied, as was the shape
factor for the g.s. branch. The
upper panel shows the smoothed
deviation of the fit in units
of the standard deviation, as-
suming allowed and 1st forbid-
den shape factors for the g.s.
branch.
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At the present time the rank 0 decay rate has been determined in five
cases near A=16, i.e., in u B e , 1 SC, 1 6C, 16N(0") and l8Ne decay. What do
we learn about the meson exchange contribution (MEC) to the time-like
axial current matrix element, Mg, from these decays? We find that the
nuclear structure of these decays is quite similar, and the well studied



16N(0-) + 160(0+) decay serves to i l lus t ra te them. The 16N decay rate i s ,
to a good approximation,

Agfs-1) = 1.42x10-" reMECMT + a(Z,W0 ,r)M|]2 (3)

where Mg and Mg are the impulse approximation results for the matrix
elements of the time-like and space-like axial currents in fermis, e^c
is the enhancement factor of the time-like component, and a(Z,W0,r) is a
kinematical factor equal to 9.43 for 16N(0") decay. How well we can hope
to determine e^£Q depends on the accuracy with which we can calculate
the Mg. Given the best possible effective shell-model interact ion, two
major uncertainties have been emphasized in the past. These are the ef-
fects of (1) core excitations in the i n i t i a l and f inal states, and (2) the
radial shape of the valence nucleon wave functions. To i l lus t ra te these
effects we consider the 6" decay of the 16N 0* f i rst-exci ted state to the
16fi ground state using harmonic osci l lator radial wave functions. Without
?p-2h excitations, the decay is from a irp-1v(?s,ld) p-h state • to the
closed shel l . For a single harmonic osci l lator transit ion Mg= -Eo s c f/\S,
where Eosc is 'hu in units of me. The two terms of Eq. (3) are of
opposite phase and the rate is sensitive to both terms. Towner and Khanna
(1981) emphasized that adding 2fL ?p-?h excitations in f i r s t order to the
l 6 0 0+ ground state multiplies Mg by 1+y and M' by TTy [with y of order
+0.1), thus producing a large diminution of the total rate. I t is not
commonly realized, but the effect of using real is t ic radial wave functions"
has just the same l+y, l -y effect in f i r s t order. This is easily seen by
considering an expansion of, say, Woods-Saxon wave functions for the
dominant IP1/2 and 2sj/2 orbits in terms of harmonic osci l lator wave
functions. Then the two f i rs t -order terms which add to the main 2s+lp
zeroth-order matrix elements are 2s+2p and ls+lp, are characterized by
Eosc (1st order) = -Eo s c (Oth order.), and j £ f i r s t order, we have the
same l+y, l -y effect on Ms and MJj as for ground-state correlations.
Note, however, that when both calculations are carried out beyond
f i rs t -order the effects can be quite di f ferent. John Millener and I have
considered both effects rather carefully for the four J+J decays in the
A=ll-16 region with measured rank 0 decay rates. Our results using
rea l i s t i c , i . e . , Woods-Saxon wave functions, were presented previously
(Millener and Warburton 1984). I was stimulated by the preparation of
this talk to consider adding 2fia) terms to the even-parity states and 3tiw
terms to the odd-parity states (already lfiu>). The calculations were
carried out with the shell-model code OXBASH (Brown, et̂  a l . , 1984) using
the Millener-Kurath interaction in the appropriate fp"12"" (2s, ld)n

model spaces. The results for the four decays are very similar and once
again I6N decay serves as an example. We find that adding 2p-2h
excitations to the f inal state causes effects roughly characterized by
y- +0.1 (which is the same order correction which results from the use
of rea l is t ic radial wave functions). I f , however, we also add 3p-3h
excitations to the i n i t i a l state then the nth-order lp-lh+vac result is
par t ia l ly restored. These remarks are i l lustrated in Table 1 where the
present calculations (MW) and one set of the previous results of Towner
and Khanna (1981) are displayed (TK). For lfiu + Ofta and lfiu + (0+2)-fi«,
our results are quite similar to the TK results. When 3Hw terms are
included in the i n i t i a l state the results diverge drast ical ly ; in our
calculation the 3tiou * 2fiw term is in phase with the main lfiu •»• Ofiw term as
i l lustrated in Fig. 4. This constructive interference is a general
feature of a l l the decays we have considered. In the TK calculation,
which is carried out perturbatively to second order, the 3fica •*• 2fiai



Table 1. 16N(0")+160(0+). M̂  (upper number) and MT (lower
number) for various combinations of i n i t i a l and f inal wave functions. The
wave functions are labeled by the model spaces used, e .g . , (0+2) ftw means
( l s ) u ( l p ) 1 2 + ( l s ) " ( l p ) 1 0 (2s > l d ) 2 . The present calculations are labeled
MW and the G-matrix results of Towner and Khanna (1981) are labeled TK.

In i t i a l Final wave function
wave function Ofta (0+2)fiu>

MW TK WM TK

lflu -2.81 -2.58 -2.83 -2.79
72.9 68.1 55.5 51.6

-3.02 -2.22
61.9 39.4

l l 6 N ( 0 - ) > = 0 .91 I l T i w > + 0 . 4 1 | 3 t i c j >

i\ r
M^ = 61.9 = +58.8-8 .2 +11.3 ^

l'60(0+)> = 0.89 | Ofioi) + 0.46|2Tiw)+~0.0|4Tia>>

Fig. 4 Schematic of 16N(0") + 160(0+) &- decay.

contribution is destructive. We can see no reason why the results should
differ, and suggest that the perturbative calculation of TK is somehow in
error. We conclude that the calculations are appreciably more stable
against introduction of 2p-2h excitations than heretofore thought, and the
dominant variation from the Oth-order calculations (and therefore the
dominant uncertainty) is due to a change to more realistic radial wave
functions.

To obtain the best available current estimate for the 4 A=ll-16 decay
rates, we combine perturbatively the lfiu + Ofiu calculations performed with
Woods-Saxon wave functions and the (l+3)fi(i) + (0+2)ti<j calculations
performed with harmonic oscillator wave functions to obtain best values of
MJj and Mg. We then use Eq. (3), with the X0 set equal to the experimen-
tal values, to extract values for the meson-exchange enhancement factor
eMEC- The results for the four decays we have considered are collected
in Table 2.

Of course, the meson-exchange contribution can be calculated from the same
shell-model basis as used for the one-body contributions and this should
be done. However, it is not a trivial calculation if realistic radial
wave functions are used. Thus, we have first tried to establish how well
one can determine the magnitude of the meson enhancement by a comparison
of the conventional one-body calculation to experiment. It appears that
the results for the four decays considered are quite consistent, clearly
demonstrate the presence of the MEC, and give values of e^c *n 1'ne

with expectations, for instance the calculations of Towner and Khanna
(1981) and nelorme (1982).
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Table 2 , Resume of predicted resul ts for the rank 0 component in the
f i r s t - f o r b i d d e n beta decays of n R e , l s C , 1 6 C , and 1 6N(0~). The r e l a t i o n -
ship between the l i s t e d quant i t ies is defined in Eq. 3. The quoted uncer-
t a i n t y in enEc. i s d u e to t n e experimental uncertainty in Mg(exp) and
does not include that in the c a l c u l a t i o n .

Decay

nBe(l/2+)+nB(l/2-)

15C(l/2+)+
15N(l/2-)

16C(0+)+16N(0")

1GN(0-)+160(0+)
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This report was prepared as an account of work sponsored by an agency of the
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