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Electromagnetic M 1 and E2 transitions in the seven-nucleon systems, the He(a, y) Be radiative-

capture problein, and the electron-capture reaction of Be into Li are studied. The wave functions

employed are f .-om a previous single-channel resonating-group calculation which yielded satisfactory

results for the 'He + a and 'H + a scattering cross sections and polarizations. With no adjustable

parameters, tht calculated 8(I1) and 8 (E2) values for transitions between the ground and first ex-

cited states of 'Li or 'Be are found to agree rather well with values empirically determined. The

8 (E2) study s iows, in particular, that the nuclei Li and Be must have strong collective features,
which are desc ibable in terms of a plus three-nucleon clustering. The cross-section factor S(0), im-

portant in astr&physical considerations, is determined to have a value between 0.5 and 0.6 keVb.
For the electro: i-capture reaction, the calculated value of the branching ratio to the first excited state

of Li is 10.31~o, which is in very good agreement with the measured value of 10.36+0.10% report-

ed prior to 198:!.

NUC EAR REACTIONS He(a, y), Be(e ), Li(y); calculated capture cross
si,ction, logft, 8 (M 1) and 8 (E2) with resonating-group wave functions.

I. INTRC)DUCTION

The resonating-group me:hod' (RGM) has been suc-
cessfully employed, over th~. past thirty years, to study a
large number of nuclear sca.tering and reaction problems.
As is now well known, it is especially useful in treating
those systems where stron~ core-exchange contributions
are present. ' By studying the nature of the exchange-
kernel function which char;icterizes the nonlocal part of
the internuclear interaction, it has been determined that
these are the systems in whi:h the interacting nuclei have
a small nucleon-number diff'erence. Precisely because of
this reason, the H+ o. and 'He+ a systems have, in par-
ticular, received extensive; ttention, and the results ob-
tained were found to agree well with measured values of
the differential scattering c;oss section and polarization
over a wide energy region.

In the H + a and H( + 0. systems, the resultant
many-nucleon wave functio:&s have further been used to
compute the CO and C2 ch; urge form factors of Li, and
the E 1 transition rate of the He(o.', y) Be radiative capture
reaction. From these cal(ulations, we have gained a
better understanding of the ~:ollective nature of the seven-
nucleon system and of the solar-neutrino problem. In
this investigation, we shall continue such studies using
resonating-group wave funct ons by examining the follow-
ing electromagnetic- and weak-transition problems: (i} the

M1-E2 transitions between the ground and first excited
states of Li and Be, (ii) a further examination of the
He(a, y) Be reaction, and (iii) the branching ratio in the

electron-capture reaction of Be.
The M 1-E2 transition problem is considered in order to

obtain additional understanding concerning the collective
properties of the ground and first excited states of Li and
Be. Empirically, it has been shown that the E2 transition

rate in Li is about 17 W.u. ,
' suggesting that the nucleus

Li is highly deformed in these low excited states. It
would certainly be interesting to see whether such large in-
trinsic deformation can be properly accounted for in a mi-
croscopic calculation which assumes an H+0. cluster
configuration.

The He(a, y) Be reaction has been considered previous-

ly; we discuss it further here mainly for the following
reason. Since the publication of our calculated results,
careful measurements of the reaction rates have been per-
formed, " ' and values for the zero-energy cross-section
factor S(0) have been deduced. These measurements were
of two types. The first type involves the observation of
prompt y rays (direct measurement), while the second type
involves the measurement of the activity of Be by observ-
ing the 478-keV y ray following the electron capture of
Be to the first excited state of Li (activation measure-

ment). The results for S(0) obtained empirically are
shown in Table I. Here one finds that the empirical value
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Reference

TABLE I. Comparison of empirical values of S(0).

S(0)
g eVb) Remark

Krawinkel et al. (Ref. 11)
Osborne et al. (Ref. 12)
Osborne et al. (Ref. 12)
Robertson et al. (Ref. 13)

0.31+0.03
0.51+0.03
0.56+0.03
0.63+0.04

Direct measurement
Direct measurement
Activation measurement
Activation measurement

obtained by Krawinkel et al. is singularly low. Since the
value of S(0) is of critical importance in the solar-
neutrino problem, we wish to determine if our theoretical
analysis can help to resolve this inconsistency.

The determination of S(0) from the activation measure-
ment depends critically upon the branching ratio g of the
electron capture of Be to the first excited state of Li.
This ratio has been carefully measured and the accepted
value prior to 1982 was 10.36+0.10%.' ' Recently,
however, there was a remeasurement of g by Rolfs et al. ,

'

and the resultant value was 15.4+0.8%%u~. This is an aston-
ishingly larger value, in marked disagreement with the re-
sults reported previously. If the g value measured by
Rolfs et al. should turn out to be indeed correct, then the
values of S(0) obtained by Osborne et ai. and by Robert-
son et al. , given in the last two rows of Table I, need to be
appreciably reduced and the resultant S(0) values would

be in better agreement with the value obtained by
Krawinkel et al. Thus, it is very important to settle the
problem concerning the value of g, and our hope is that a
theoretical study using our resonating-group wave func-
tions will be useful in this respect.

The outline of this paper is as follows. In Sec. II, we
give a brief description of the Li and Be resonating-
group wave functions. The M 1-E2 transition calculation,
the He(a, y) Be capture reaction, and the Be electron-
capture problem are then discussed, respectively, in Secs.
III, IV, and V. Finally, in Sec. VI, we summarize the
findings of this investigation and make some concluding
remarks.

II. RESONATING-GROUP VIVE FUNCTIONS

The Be bound-state wave function is chosen to have an
0;+ He cluster configuration. It is specified by the rela-
tive orbital angular momentum I (1=1) and total angular
momentum Jwith z component M. Its explicit form is

matter radii in accordance with data from electron-
scattering experiments.

'

The relative-motion function f/i(R) is determined by
solving an integrodifferential equation obtained from a
projection procedure (for details, see Ref. 1). The
nucleon-nucleon potential used has been described previ-
ously. ' It involves an exchange-mixture parameter u and
spin-orbit depth parameters V~ and V~ . These parame-
ters are chosen to have the values given by Eq. (12) of Ref.
8, such that the He separation energies in the ground and
first excited states of Be are well reproduced.

The Be continuum function is similarly chosen to have
an a+ He cluster structure. It is discussed in Sec. IIA
of Ref. 8 and, hence, will not be further described here.

For the Li bound state, the wave function Pz used has7
—I

the same expression as that given by Eq. (1), except that
the normalization factor and the relative-motion function
will be denoted as C/ and fbi(R), respectively, and the
three-nucleon (triton) internal spatial function will be
denoted as ((),. This latter function is also assumed to have
a simple Gaussian form but with a slightly different width
parameter equal to 0.378 fm [see Eq. (7) of Ref. 7].
Also, it should be mentioned that, in the Li case, we have
made a very minor adjustment of the nucleon-nucleon
parameters u, V~, and V~ in order to obtain accurate
values for the H separation energies in the ground and
first excited states.

For Be the relative-motion functions f3/z i or fG of the
ground state and f i/2 i or f~ of the first excited state are
plotted in Fig. 1 of Ref. 8, while for Li the relative-
motion function f3/2, or fG is depicted in Fig. 1 of Ref.
7. The Li first excited-state function f, /2 i or f~, which
was not needed in either Ref. 7 or Ref. 8, will not be
shown here because, as expected, it has a behavior quite
similar to those of the other relative-motion functions.

III. ELECTROMAGNETIC TRANSITIONS

4 =CJ~ 4A'» f~i«)Ãsz«—c m)..R

where M is an antisymmetrization operator, CJ is a nor-
malization factor, Z(R, ) is a normalized spherically-
symmetric function describing the total c.rn. motion, and

is a spin-isospin-angle function appropriate for
T= —,

' and S=—,'. The normalized functions P and P»
represent the internal spatial structures of the a and He
clusters; they are assumed to have the lowest configura-
tions in harmonic-oscillator wells having width parame-
ters a~ and a~ equal to 0.514 and 0.367 fm, respective-
ly [see Eqs. (4)—(7) of Ref. 8]. These particular values are
chosen in order to yield correct o.-particle and He rms

Electromagnetic M1 and E2 transitions between the
ground —,

' and the first excited —,
' states of Li and Be

provide information about the structure of these nuclei,
and can be best discussed in terms of the reduced transi-
tion probabilities B(M 1; —,~—,) and B(E2; —,

' ~—,
' ). In

this section, we shall utilize the RGM wave functions,
described in Sec. II, to compute these B values and com-
pare them with empirical values determined from mea-
surements of the transition widths.

Magnetic M 1 transitions proceed via the operator
1/2

~(M I,p) = p» g [gi(i)l „+g,(i)s „], (2)
4~ I=1
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which is a tensor operator of rank 1, with p denoting its
spherical components (p= —1, 0, and 1).' It consists of a
sum over the orbital angular-momentum operators

I;=p; && —.V' (p; = r; —R, )
IP g

(3)

and the spin angular-momentum operators s; of all the
nucleons involved, multiplied with the appropriate g fac-
tors

(5)
I

g~(p) = 1, g, (p) =5.5856,

gI(n) =0, g, (n) = —3.8262,

for the protons and neutrons. The quantity pz in Eq. (2)
represents the nuclear magneton; it is equal to equi/2Mpc
with Mz being the proton mass.

The reduced probability for a transition from an initial
state with total angular momentum J; to a final state with
total angular momentum Jf is given by

8(M1;J; Jf)= g I
(QJf IM(Ml, p)

I
gJ'&

I

pMf

I (A ll~(M I)II& & I'

and the magnetic moment of a state with total angular
momentum J is given by

I /2
4m.

3(2J + 1)
C(J IJ;JOJ)( fJ I

I~(M 1)
I I&J & .

(6)

As is noted, both of these quantities are related to the re-
duced matrix element of the magnetic dipole operator

(2Jf+1)'"(—1)"II~'= c J IJ M

x(@,'l~(MI, i )I@,'&,

which is independent of the magnetic quantum numbers
M;, Mf, and p. For the evaluation of this reduced matrix
element, one can, therefore, choose these quantum num-
bers in any convenient way, e.g., p =0 and M;
=Mf ——M = —,.

Since wave functions having the form of Eq. (1) will be
used in this investigation, one needs to derive first the ex-
pressions of the following two kernel functions:

7

p~ g g, (i)s;,
I
M[/ Ps5(R —R")gs Z(R, )] &,

' 1/2

~„(R',R")=(y.y„5(R—R'g, 'Z(R, )
I 4~

~ogb(R R ) (((~yjJ 5(R R )gs Z(R m. )
I

1/2
7

Vx g gl«)i;.
I
~[4As5(R —R "Cs'Z«.

~,p(R ', R ")=MsP, p(R ', R "),
with

1/2

P,p(R ', R ")= p~g, (n)~(R ', R "),
4m

(10)

where ~(R',R") denotes the norm kernel. This latter
kernel may be written in the form

M
where gs is a spin-isospin function having Ms for the z
component of the spin angular momentum. The evalua-
tion of the spin kernel M,~(R ', R ") is quite simple; only
the unpaired nucleon in the He cluster contributes and
the result is

3
~(R', R")= g ~„(R',R "}, (12)

with x being the number of nucleons interchanged between
the a and the He clusters. The expressions for ~„are
given in the Appendix for the general case where the bra
and ket sides contain three-nucleon functions of different
width parameters. These expressions reduce, of course, to
the expressions given by Eqs. (33)—(42) in Ref. 7. The
computation of the orbital kernel ~„b(R',R") is more
complicated, but may be simplified by making use of the
spherically symmetric nature of Z (R, ). Using this
latter property, one obtains, then,

' 1/2

~„b(R',R")= (P Ps 5(R—R')Pg Z(R, m ) I p

X g gE(i) r; X —V,
I M[p~pp, 5(R R")gs —Z(R, )]&,

i=1 l (13)

where the operator involved consists now of a sum of
one-txAy terms. By employing the complex-generator-
coordinate technique, *' or by first computing the corre-
sponding GCM (generator-coordinate method' ) kernel
and then transforming into the RGM basis, the final re-

I

suit for ~„b in the Be case is

~„b(R',R")= R'x —.V-„, P„b(R',R"), (14)
R
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where

P„b(R',R ")=
' 1/2

zs ~ 4{1'7 —46)
I'N 42 0+

{ 5) 1 P.„{R',R. ")= 3

4m

1/2
58 —55

I & 42 0+ 1{6 g) 1

9—325
21(1—25)

2(6 —55)
21( 1 —25)

with

4&g exp5=
(&a+&a)

(16)

{18)

With the familiar angular-momentum decomposition

Porb(R', R")=, „+pl" (R', R")R'R" I,

P, (R', R")= p~g, (p)~(R ', R ") (17)

In the Li case, the procedure is, of course, exactly the
same. The resultant expressions for the corresponding
kernels P,~ and P„b are

1/2

PPf (R I
) PP 4

(R t I
) {19)

and a similar expression for P,~(R', R") involving
pP(R', R"), the matrix element on the right-hand side of
Eq. {7)can be straightforwardly evaluated. The result is

(QJ ~~(M 1,0)
~ PJ ) = g C(lSJf, m, M m, M)—C(lSJ;;m, M m, M—)

XC/ CJ jfJ )(R')[mp(' (R',R")+(M m)pf~(R—',R")]fzI(R")dR'dR" . (20)

For the ground and first excited states, all the Clebsch-Gordan coefficients involved can be easily calculated and we ob-
tain the simple expressions

+(M I) z ~ z ) 3 Cl/2C3/2 ' J f1/2 1(R )tp 1 ( ~R ) pi (R iR )lf3/2 1(R

2

(21)

for the reduced transition probability in the Be case and
1/2

4~
3

C3/p f f3/Q, (R ')[p, ' (R ', R ")+ ,p I"(R ', R ")]f—3/~I (R ")dR 'dR" (22)

for the magnetic moment in the Li case.
A comparison between calculated and empirical values

for 8(MI; —', ~—,') in both Li and Be is shown in Table
II. To obtain the empirical values, we have used the ex-
perimental data, given in Ref. 10, for the M1 transition

widths of the —, first excited states. Here one notes that
the calculated values are about 15% too small, a
discrepancy which may arise from the fact that meson-
exchange effects have not been considered in our calcula-
tion.

The calculated value for the Li magnetic moment is

p =3.148 p~ . (23)

Nucleus

Li

Reduced
transition

probability

B(M I) (p,~)

B{E2}(e~ fm4}

Theory

2.17

7.55

Experiment

2.49+0.12
8.3 +0.6
7.4 +0.1

B(M 1) (p~)
B{E2}{e fm }

1.58
21.76

1.87 +0.25

TABLE II. Reduced transition probabilities B{M1;z ~ )

and B(E2; ~ ~ }.

Mf 7 1+'T.
Q= A~ g&

2 P &~ (P" ) 4, '

i=1

which can also be written as

(24)

This is in good agreement with the value of 3.149 p~ ob-
tained in a GCM calculation ' employing equal width
parameters (i.e., u~ ——a~) for the a and H clusters, and
with the value of 3.14 p& obtained in a shell-model calcu-
lation with effective interaction. The experimental
value' is 3.256 pz, which is about 3% larger than our
calculated result.

For electric Ek transitions, the central quantity to be
calculated is
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Q= .x
"

»m ~ f Y~ (q) P~ g e exp(iq p) pz' dq .
4mi. (A!). q 0 Bq ~, , 2 (25)

This latter form is convenient, since the matrix element
appearing in the integrand is the type which has been con-
sidered in Refs. 7 and 8. Thus, the computation follows
essentially the same procedure as described in these refer-
ences and we can easily obtain a general expression for the
reduced transition probability B(EA,;J;—&Jf).

Calculated values of B(E2;—,~—,) are compared with
experimental results' also in Table II. From this compar-
ison, one finds that, in contrast to the M1 case, there is a
good agreement. This may indicate that meson-exchange
contributions are probably not significant in a low-order
electric transition.

We have also computed the value of B(E2;—,
' ~—,') in

the Li case using oscillator shell-model functions of the
highest spatial symmetry and the configuration (ls)4(lp)3.
These functions are described in case (i) of a previous pub-
lication. The resultant value is 1.75 e fm, which is
more than a factor of 4 smaller than the value listed in
Table II. This is convincing evidence that the nucleus Li
does have a strong collective nature which may be
described in terms of H + a clustering.

IV. He(a, y) Be RADIATIVE CAPTURE REACTION

A microscopic discussion of the He(a, y) Be capture re-
action has been given previously. We consider it further
here, mainly because detailed results of recent measure-
ments have appeared in the literature, " ' and it would be
interesting to compare these results with our calculated
values. In addition, we wish to take this opportunity to
improve the previous calculation in two minor respects.
First, there was a small numerical-accuracy problem
which needs to be corrected. Second, the quantity 163.78
(in units of keV'~ ), appearing in Eq. (48) of Ref. 8, was
simply taken from the paper of Parker and Kavanagh
and is inconsistent with the value of A /2p, = 12.095
MeV fm~ used in the calculation (P is the resonating-group
reduced mass of the He+ a system, equal to —", times the

I

nucleon mass ). This inconsistency has the unfortunate
consequence that the cross-section factor S(E) has no
longer a linear dependence on E in the very low energy re-
gion.

With improved numerical accuracy, the results obtained
for the capture cross sections 0.3/2 and o.i/2 to the ground
and first excited states, respectively, the total capture cross
section o-„and the branching ratio p=o.&/z/o. 3/2 are listed
in Table III. By comparing with the cross-section values
given in Table II of Ref. 8, we note that our present im-
provement results in a small change of about 2%.

Consistent with the value of the reduced mass p, used in
the resonating-group formulation, the cross-section factor
S(E) is defined as

S (E)=Eo,(E)exp(164. 514/V E ),
where E is expressed in units of keV. It should be
remarked here that the resonating-group reduced mass p
is very close to, but not exactly equal to, the experimental
reduced mass p,„obtained by using measured values for
the masses of the a and the He nuclei. At very low ener-
gies much below the Coulomb barrier, this will cause a
small underestimate in the calculated capture cross section
(about a few %%uo at E=0.1 MeV). However, the calculated
value of S (E) should be quite reliable, since this underesti-
mate in cr, is compensated by a correspondingly larger
value of the exponential factor appearing in the right-hand
side of Eq. (26).

In Figs. 1 and 2, we show a comparison of our calculat-
ed results for S(E) and the branching ratio with the exper-
imental data given in Ref. 11 (labeled as Miinster-
Stuttgart or MS data) and Ref. 12 (labeled as Cal Tech or
CT data), respectively. As is seen from these figures, the
cross-section factor S(E) does depend linearly on E in the
very low energy region and there is a good agreement be-
tween the calculated and experimental values for the
branching ratio. On the other hand, the calculated values

TABLE III. Calculated results for capture cross sections and branching ratio.

E
(MeV)

0.10
0.15
0.20
0.30
0.40
0.50
0.75
1.00
1.41
1.70
2.06
2.65
3.30
4.00

0.000 332'
0.004 40
0.0194
0.102
0.257
0.457
1.045
1.615
2.470
3.038
3.718
4.787
5.907
7.082

(pb)

0 000 137'
0.001 82
0.008 01
0.0424
0.107
0.191
0.441
0.689
1.072
1.330
1.639
2.122
2.621
3.135

(pb)

0.000 469'
0.006 22
0.0274
0.145
0.364
0.648
1.486
2.304
3.542
4.368
5.357
6.909
8.528

10.217

0.414
0.414
0.414
0.415
0.416
0.417
0.422
0.427
0.434
0.438
0.441
0.443
0.444
0.443

'The calculated cross-section values at 0.10 MeV are slightly less accurate than those at higher energies.
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0.5 S(E)=S(0)exp(aE+bE ), (27)

m 0.4
l)
~ 0.3

0.2
Cf)

0, 1—

0.6—

He(a, y) Be

0

Theory x 0.46 S(0)=0.698 keVb,

a = —0.607 MeV

b = —0.0527 MeV

(28)

from which the important astrophysical quantity S(0) can
be determined. Using the values of S(E) calculated at
0.15, 0.20, and 0.30 MeV, we obtain

O 0.5

~ 0.4
C:

u 0.3

CCI 0.2

0 00
0 0 0

0
0

Munster —Stuttgart data

01 I I I I I

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
E (MeV)

FIG. 1. Comparison of calculated and experimental S factors
and branching ratios. Experimental data shown are those of
Ref. 11.

0.7

0.6—
0

0.5—
I)

CD

0.4—

He (a, y) Be

0.3—LLI

CO

Theory x 0 75

o 0.5—

0

Z 0.3—
C3
C:
CJ 0.2—

CQ CaI Tech data

I I I I I I

0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
E (MeV}

FICx. 2. Comparison of calculated and experimental S factors
and branching ratios. Experimental data shown are those of
Ref. 12.

of S(E}can fit the MS and CT data only if these values
are multiplied by different normalizing factors of 0.46 and
0.75, respectively.

In the low-energy region, S(E) can be characterized by
the equation

With these parameter values, Eq. (27) is found to be well
satisfied for energies up to about 0.5 MeV.

The MS and CT cross-section values agree in energy
dependence but not in magnitude. Thus, the important
question is the following: Which of these two data sets is
more reliable? To answer this question from the theoreti-
cal viewpoint, one should note that, as has been pointed
out in Ref. 8, our present calculation suffers from two de-
fects: (i) the resonating-group wave function used has a
single, He+ a cluster configuration, and (ii) the calculat-
ed rms radius of Be is likely 2% to 3% too large.
Without a further detailed investigation, it is clearly not
possible to predict definitively the consequences of these
defects. However, we notice that a recent experimental
study in the neighboring nucleus Li did yield a value for
the d+ a spectroscopic factor equal to about 0.85+0.04.
Since the nuclei Li and Be have similar separation ener-
gies and reduced masses with respect to d + a and
He+ a clustering, one may reasonably maintain that a

similar value (or a slightly larger value due to tighter
internal binding of He) for the 3He + a spectroscopic fac-
tor in Be could be a good estimate. As for the effect aris-
ing from the larger Be size, we can only speculate that it
may cause an overestimate of the capture cross section,
but by no more than 10%. Thus, the value of S(0) ob-
tained in this calculation, equal to 0.698 keVb, is very
likely too large. With improved Be bound-state and con-
tinuum wave functions, we believe that this value will be
reduced by roughly 15% to 30%, i.e., in the range from
about 0.5 to 0.6 keVb. We realize, of course, that our ar-
gument, based mainly on our understanding and experi-
ence with the seven-nucleon system, is quite crude. Even
so, however, it is our opinion that the present investigation
favors the S(0) value determined from the CT data. The
MS measurement may suffer from an overall normaliza-
tion uncertainty and should be further examined.

It should be remarked that, although the capture cross
section may become substantially reduced when improved
Be wave functions, consisting of both He + a and other

cluster configurations, are employed in the calculation, the
rates of M1 and E2 transitions between the ground and
first excited states may be less affected by such an im-
provement. The reason for this is as follows. At very low
energies, the radiative capture takes place mainly in the re-
gion outside of nuclear interaction. On the other hand,
electromagnetic transitions between bound states are main-
ly influenced by the behavior of the wave function in the
region of strong interaction, where the Pauli principle has
the effect of reducing greatly the differences between ap-
parently different cluster structures.



ELECTROMAGNETIC AND WEAK TRANSITIONS IN THE SEVEN-. . . 63

V. ELECTRON CAPTURE OF Be

The nucleus Be in its ground state is unstable. It de-
cays by electron capture to the ground or first excited state
of Li. Because of the similarity in the nuclear structures
of these two nuclei, both weak transitions are superal-
lowed.

Experimental data on the half-life ~»2 and the branch-
ing ratio g or, alternatively, the decay constants A, and A,

'
to the ground and first excited states of Li, respectively,
are commonly presented in terms of ft and (ft)' values by
the expression

ft = qP— (29)

and a similar expression for (ft)* involving q* and A, *. In
the above equation, natural units R=c =m, = 1 (m, is the
electron mass} are adopted, and q and q' represent neutri-
no momenta equal to 1.687 and 0.751 for transitions to the
two states of Li. The quantity P represents the atomic-
physics part of the capture problem; it is related to the
probability densities of the orbital electrons at the nucleus,
corrected by exchange and overlap considerations. This
latter quantity must be determined theoretically. With a
multiconfigurational Hartree-Pock approach, ' the latest
value calculated by Chen and Crasemann is P =7.221
)&10 . Using this value, together with ~]&2——53.29 d and
/=10.36%,' we obtain

(32}

where ~, is an operator transforming a proton into a neu-
tron, and gz and gz are vector and axial-vector coupling
constants, given by

and

gi ——1.4128(5)X 10 ergs crn3, (33)

gg ———1.255(6)gi . (34)

32m ln2
6

gv

These reduced transition probabilities are given by

(36)

In addition, it is noted that, while the operator responsible
for the Fermi transition is independent of the nucleon
spin, the operator responsible for the Gamow-Teller tran-
sition is proportional to the spin operator of the decaying
nucleon.

The ft value is related to the reduced transition proba-
bilities B(F) and B(GT) through the equation'

2

ft =D [B(F)+B(GT)] (35)
4m

with

logft =3.220, log(ft)*=3.454, (30) 1
1&&II~(F}II%)

I

', (37)

M(F}=
4m.

(31)

which are somewhat different from the values quoted in
Ref. 10, presumably due to different choices in the value
of P.

Qur motivation in studying this particular problem is
that the branching ratio g to the first excited state of Li is
important in the determination of the S(0) value from the
activation measurement of the He(a, y) Be capture reac-
tion, and a recent experimental investigation by Rolfs
et al. ' has yielded a result for g equal to 15.4%, in violent
disagreement with the value of 10.36+0.10%%uo obtained
prior to 1982 by many experimental groups. To resolve
this controversy, we shall use the resonating-group wave
functions to calculate the value of g. At the same time,
we shall of course compare the calculated ft and (ft)'
values with experiment in order to gain confidence in our
result.

From the nuclear-physics viewpoint, allowed electron-
capture reactions are governed by the Fermi (F) and
Gamow-Teller (GT) operators or moments'7

B«T Jt~Jf) = ~ I 1&&,II~(GT)II&,. ) I

'

which depend on the reduced matrix elements

& A I
l~(F) I I&)=(2J+ I)'"&4 I

~(F) 10~ &

(38)

(2Jf+1)' ( —1}"(, )

x(QJf 1~(GT,p)11(J') .

(40}

As in the case of the magnetic-dipole transition described
in Sec. III, we can again choose the magnetic quantum
numbers as p=0 and M;=Mf ——M= —,'. With such a
choice, the kernel functions EF and AzT required in the
calculation, corresponding to the Fermi and Gamow-
Teller moments, are then

K„(R',R")=(P $,5(R—R')gs Z(R, ) IM(F)
I W[P Pt, 5(R—R' Cs Z(R, )])

~(R',R"),
4ir

(41}

Eor(R'yR "}=(y~yi5(R—R')gs Z(R, ~ )
I
M(GTyo)

I W[y~y/5(R —R")gs Z(R, m )])

2MsM(R', R") .
4m.

(42)
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Here one sees that both ELF and KzT are proportional to the generalized norm kernel ~(R', R"). This latter kernel de-
pends on three different width parameters az, az, and az characterizing the o. particle, the triton, and the He nucleus,
respectively. Its explicit expression is given in the Appendix.

By performing an angular-momentum expansio~ of ~(R ', R "), we obtain the partial-wave norm kernels ~1(A ',R ").
Using these kernels and the resonating-group wave functions of Sec. II, we then find

(s')
l
1(J ) = C, C, f f„«')~,(R',R")f„«")dR'dR",

4~
(43)

(QJ ~~(GT,O)
~

t/iJ ) = +2(M m—)C(lSJg, m, M —m, M)

X C(lSJ;;m, M m, M—)CJ CJ f fz I(R )~t(R R )fs t(R")dR 'dR" . (44)

Substituting these equations into Eqs. (37)—(40) finally
yields

2

8(F;—,~—, ) = gv,
4m.

(45)

B(GT —~—) =. 3 3

B(GT;—~—) =3 1

~ 2 2

where

2
gw 5

4~ 3
2

gw 4
4m 3

(47)

g =C3y2C3g2 f f3(2 ] (R ')tz&(R '~R ")

Xf3yp ~ (R )dR dR

g* =C]g2C3y2 f f~y2 ~
(R')m~(R', R")

(48)

q =0.9990, g* =0.9996, (51)

which are very close to 1. With these values, the branch-
ing ratio is only slightly increased to 10.31%. In fact, it is
very difficult to expect a value for g appreciably different
from this result. Even though there may exist some un-
certainties in the calculated transition rates resulting from
the lack of consideration of meson-exchange effects, we

Xf3i2 i(R")dR'dR",

represent the overlaps between the Be and Li radial wave
functions.

Let us assume for the moment that both g and g* are
equal to 1. Under this assumption, the ratio

8(GT; —,'~ —,
'

)

X q B(F;—,~—,
' )+B(GT;—,'~ —, )

becomes 0.1148 and the corresponding branching ratio g is
10.30%, in good agreement with the experimental value of
10.36+0.10 fo. In addition, it is important to note that
I, */A, and g do not depend on the electron probability P.
These quantities are, therefore, not subject to the uncer-
tainty associated with the theoretical determination of this
particular probability.

It is clear that, to obtain the value of g equal to 15.4%
claimed by Rolfs et al. ,

' the nuclear overlaps must be sig-
nificantly different from 1. However, this does not turn
out to be the case in our calculation. Using the RGM
wave functions, we find that the overlaps are "

must emphasize that the branching ratio is nearly free of
such uncertainties. For instance, an arbitrary increase of
the axial-vector coupling constant gz by as large as 10%
enhances the branching ratio to only 10.77%%uo. In any case,
we do not expect the meson-exchange contributions to
have a major significance, since the calculated values of
lo(J't and log(ft)' are, respectively, equal to 3.231 and
3.468, which agree quite well with empirical values given
in Eq. (30). Thus, it is our opinion that the value of
10.36+0.10% obtained from older measurements is reli-
able and a value of g around 15% is very unlikely.

VI. CONCI. USIGN

In this investigation, we have studied several elec-
trornagnetic and weak-transition problems in the seven-
nucleon systems with wave functions obtained from a
single-channel resonating-group calculation which yielded
successful results for the H+ a and He+ o. scattering
cross sections and polarizations. The main purposes are to
achieve a better understanding of the clustering features in
the nuclei Li and Be, to obtain a good estimate of the
zero-energy cross-section factor S(0) in the 3He(o. , y) Be
capture reaction, and to resolve the discrepancy between
measured values for the branching ratio to the Li first ex-
cited state by the electron capture of Be.

The essential findings of this investigation are as fol-
lows:

(i) The calculated values of 8(M 1) and 8 (E2) for tran-
sitions between the ground and first excited states agree
rather well with the values determined empirically. The
8 (M 1) study yields an indication that meson-exchange ef-
fects may not be insignificant in M 1 transitions, while the
8(E2) study shows clearly that the nuclei Li and Be
must have strong collective features, describable in terms
of H+ n and He+ o. nucleon clustering.

(ii) Based on the calculated result and upon making
some crude but reasonable corrections, we can make the
statement that the cross-section factor S(0) has, likely, a
value between 0.5 and 0.6 keVb. This suggests that the
empirical S(0) value determined by Osborne et ah. ' is re-
liable, while that determined by Krawinkel et ah. " may
need to be further examined.

(iii) The calculated value for the Be electron-capture
branching ratio to the first excited state of Li is 10.31%.
This agrees very well with the measured value of
10.36+0.10% (Ref. 10) reported prior to 1982, but is in
complete variance with the recent value of 15.4%%uo reported
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by Rolfs et al. '

In conclusion, it is our opinion that the present study
establishes convincingly the usefulness of resonating-group
wave functions in describing the properties of light nu-
clear systems with respect to electromagnetic and weak in-
teractions. Thus, as future projects, it would be interesting
to use similar wave functions ' to examine other elec-
tromagnetic problems such as the d + u and p + Be radi-
ative capture reactions, which are important from astro-
physical viewpoints. ' In addition, it will of course be
desirable to refine our present calculation by further
adopting more flexible resonating-group wave functions
which take into account the specific distortion of the clus-
ters in the strong-interaction region and, thereby, yield a
better description of the clustering properties of the nuclei
under consideration. Especially for the He(a, y) Be cap-
ture reaction, such a refined calculation should be carried
out, since an accurate determination of the S(0) value is
clearly a necessary step in any future attempt to resolve
the puzzling solar-neutrino problem.

APPENDIX: EXPRESSION FOR ~„

~p(R', R")=
3/2

4x~a~ 5(R' —R"),
(ag+ag )

3/2

( —1)"P„

The norm kernel for the a + 3N system is given by

m(R', k")=(y $,5(k—R')g Z(R, )
~

M[/ Ps5(R —R")Pg Z(R, )]) .

Here we consider the general case where the three-nucleon
spatial functions P3 and tt3 on the bra and ket sides are
characterized by different width parameters equal to a~
and az, respectively. By using standard techniques, one
can easily integrate over all spatial coordinates, sum over
all spin-isospin coordinates, and obtain

~(k,k")= g m„(k', k"),
x=0

where
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)& exp( —A„R ' —B„R"—C„R'.R "),

3
12(xg

I') ——3
7 17~

3/2 3/2
17(a~ +a~ )

16aq +9(+~+a~ )

3
3Ag

3/2
10o.g (ag+ cx~ )

(txa +era )(tra +tra ) I 4&~ +3(era +&a )l

3/2

p

3/2
2a, (o.~+a~ }

(o'~ +&a )(o'~ +&a )

3

6
49

72m~ +o.~ (41o.g + 153ag ) +72ng ag
16o.g +9(ag +ug )

6o.~ +eg ( 17m~ +45ug ) +6o;~ a~

4m~ +3(ug+o. g )

B) =3 j with cxg+~Ag p B2 —A2 with 0,'g+~A+p B3 A3 p

288 3~2 +2~3 (~a +~B ) +3+a~B 72 +3 3+3 (+a ++a ) ++B+a
C) ——— C2 ——— C3= 49 a

16ag+9(aa+aa) 49 4ag+3(cta+aa)
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