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Weak transitions in AÄ6 and 7 nuclei
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The 6He b decay and7Be electron capture processes are studied using variational Monte Carlo wave
functions, derived from a realistic Hamiltonian consisting of the Argonnev18 two-nucleon and Urbana-IX
three-nucleon interactions. The model for the nuclear weak axial current includes one- and two-body operators
with the strength of the leading two-body term—associated withD-isobar excitation of the nucleon—adjusted
to reproduce the Gamow-Teller matrix element in tritiumb decay. The measured half-life of6He is underpre-
dicted by theory by.8%, while that of 7Be for decay into the ground and first excited states of7Li is
overpredicted by.9%. However, the experimentally known branching ratio for these latter processes is in
good agreement with the calculated value. Two-body axial current contributions lead to a.1.7% ~4.4%!
increase in the value of the Gamow-Teller matrix element of6He (7Be), obtained with one-body currents only,
and slightly worsen~appreciably improve! the agreement between the calculated and measured half-life.
Corrections due to retardation effects associated with the finite lepton momentum transfers involved in the
decays, as well as contributions of suppressed transitions induced by the weak vector charge and axial current
operators, have also been calculated and found to be negligible.

DOI: 10.1103/PhysRevC.65.054302 PACS number~s!: 23.40.Bw, 23.40.Hc
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I. INTRODUCTION

The present study deals with weak transitions in theA
56 and 7 systems within the context of a fully microscop
approach to nuclear structure and dynamics, in which nu
ons interact among themselves via realistic two- and th
body potentials, and with external electroweak probes
realistic currents consisting of one- and many-body com
nents. To the best of our knowledge, calculations of the
perallowed6He b decay and7Be electron (e-!capture pro-
cesses have relied in the past on relatively simple sh
model or two- and three-cluster wave functions. The sh
model calculations have typically failed to reproduce t
measured Gamow-Teller matrix elements governing th
weak transitions, unless use was made of an effective o
body Gamow-Teller operator, in which the nucleon’s ax
coupling constantgA is quenched with respect to its fre
value—for a recent summary of a shell-model analysis
b-decay rates inA<18 nuclei, see Ref.@1#.

More phenomenologically successful models have b
based onaNN ~for A56) or a-t anda-t ~for A57) clus-
terization, and have used either Faddeev techniques w
separable representation of theNN andaN potentials@2# or
the resonating-group method@3#. However, while these stud
ies do provide useful insights into the structure of theA56
and 7 nuclei, their connection with the underlying two-~and
three-! nucleon dynamics is rather tenuous. For example,
unclear whether the required quenching ofgA in the shell-
model calculations reflects deficiencies in the associa
wave functions—a lack of correlations or limitations in th
model space—and/or in the model for the axial curr
operator—which typically ignores many-body terms—
rather, a true modification of the nucleon axial coupling
medium.
0556-2813/2002/65~5!/054302~13!/$20.00 65 0543
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In this work, we use variational Monte Carlo~VMC!
wave functions@4–7#, derived from a realistic Hamiltonian
consisting of the Argonnev18 two-nucleon @8# and
Urbana-IX three-nucleon@9# interactions. The VMC wave
functions provide a reasonable description of the ene
spectra of low-lying states inA56 –8 nuclei@5,10#, and of
elastic and inelastic electromagnetic form factors and ra
tive widths of 6Li states@11#.

The model for the nuclear weak vector and axial-vec
currents is that developed in Refs.@12,13#, consisting of one-
and two-body terms. The weak vector charge and curr
operators are constructed from their isovector electrom
netic counter-parts @14,15#, in accordance with the
conserved-vector-current~CVC! hypothesis. The leading
two-body term in the axial current is due toD-isobar excita-
tion, while the leading two-body axial charge operator
associated with the long-range pion-exchange term@16#, re-
quired by low-energy theorems and the partially conser
axial-current relation. The largest model dependence is in
weak axial current. To minimize it, theN→D transition axial
coupling constant has been adjusted to reproduce the ex
mental value of the Gamow-Teller matrix element in tritiu
b decay in an essentially exact calculation, using correlat
hyperspherical-harmonics wave functions, derived from
same Hamiltonian adopted here@17#.

This manuscript falls into seven sections. In Sec. II e
plicit expressions for theb decay ande-capture rates are
derived in terms of reduced matrix elements of multipo
operators of the nuclear weak current, whose model is s
cinctly described in Sec. IV. TheA56 and 7 nuclei VMC
wave functions are reviewed in Sec. III, while predictions f
the 6He b decay and7Be e-capture rates are presented a
discussed in Sec. VI. Our conclusions are summarized
Sec. VII.
©2002 The American Physical Society02-1
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II. TRANSITION RATES

Nuclear b decay is induced by the weak-interactio
Hamiltonian@18#

HW5
GV

A2
E dx e2 i (pe1pn)•x l s j s~x!, ~2.1!

where GV is the Fermi coupling constant (GV51.149 39
31025 GeV22 @19#!, l s is the leptonic weak current

l s5ūegs~12g5!vn , ~2.2!

and j s(x) is the hadronic weak current density. The electr
and ~electron! antineutrino momenta and spinors are d
noted, respectively, bype andpn , andue andvn (e2 emis-
sion is being discussed here!. The Bjorken and Drell@20#
conventions are used for the metric tensorgst andg matri-
ces. However, the spinors are normalized asue

†ue5vn
†vn

51. The amplitude for the processAZ→A(Z11)e2n̄e is
then given by

^ f uHWu i &5
GV

A2
l s^2q;A~Z11!,Jf M f u j s

†~q!uAZ,Ji M i&,

~2.3!

where q5pe1pn , uAZ,Ji M i& and uA(Z11),Jf M f& repre-
sent the initial and final nuclear states, the latter recoil
with momentum2q, with spinsJi and Jf and spin projec-
tions Mi andM f , respectively, and

j s~q!5E dx eiq•x j s~x![@r~q!,j ~q!#. ~2.4!

Standard techniques@13,18# are now used to carry out th
multipole expansion of the weak charger(q) and current
j (q) operators in a reference frame in which theẑ axis de-
fines the spin-quantization axis, and the directionq̂ is speci-
fied by the anglesu andf:

^Jf M f ur†~q!uJi M i&5A4p(
l>0

X0
l Cl~q!, ~2.5!

^Jf M f u êq0* • j†~q!uJi M i&5A4p(
l>0

X0
l L l~q!, ~2.6!

^Jf M f uêq61* • j†~q!uJi M i&52A2p(
l>1

X71
l @6Ml~q!

1El~q!#, ~2.7!

where the dependence on the directionq̂, and on the initial
and final spins and spin projections is contained in the fu
tions Xl

l , with l50,61, defined as

Xl
l ~ q̂;Jf M f ,Ji M i ![~2 i! l S 2 l 11

2 Jf11D 1/2

Dl z ,l
l ~2f,2u,0!

3^Ji M i ,l l zuJf M f&, ~2.8!
05430
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with l z5M f2Mi . In Eqs.~2.5!–~2.7! theq-dependent coef-
ficients are the reduced matrix elements~RME’s! of the Cou-
lomb (C), longitudinal (L), transverse electric (E), and
transverse magnetic~M! multipole operators, as given in
Refs.@13,18#, and the vectorsêl denote the linear combina
tions

êq0[êq3 , ~2.9!

êq61[7
1

A2
~ êq16 i êq2!, ~2.10!

with êq35q̂, êq25 ẑ3q/uẑ3qu, êq15êq23êq3. Since the
weak charge and current operators have scalar/polar-ve
~V! and pseudoscalar/axial-vector~A! components, each mul
tipole consists of the sum ofV andA terms

Tll z
5Tll z

~V!1Tll z
~A!, ~2.11!

whereT5C, L, E, andM, and the parity ofl th-pole V op-
erators is opposite of that ofl th-poleA operators. The parity
of Coulomb, longitudinal, and electricl th-poleV operators is
(2) l , while that of magneticl th-pole V operators is
(2) l 11. Finally, in Eq.~2.8! the Dl z ,l

z8
l

are rotation matrices

in the standard notation of Ref.@21#.
The rate for nuclearb decay is then obtained from

dG f i
b 52p d~Ei2Ef !

1

2 Ji11 (
Mi M f

(
sesn

z^ f uHWu i & z2

3
dpe

~2p!3

dpn

~2p!3
, ~2.12!

whereEi5mi is the rest mass of the initial nucleusAZ, Ef

5pn1Ape
21me

21Aq21mf
2 is the energy of the final state

me and mf being the rest masses of the electron and fi
nucleus A(Z11). Carrying out the spin sums leads
@13,18#

1

2 Ji11 (
Mi M f

(
sesn

z^ f uHWu i & z2

5GV
2 4p

2 Ji11 F ~11ve• v̂n!(
l>0

uCl~q!u2

1~12ve• v̂n12 ve•q̂• v̂n•q̂!(
l>0

uLl~q!u2

22 q̂~ve1 v̂n!(
l>0

Re@Cl~q!Ll* ~q!#

1~12ve•q̂• v̂n•q̂!(
l>1

@ uMl~q!u21uEl~q!u2#

22 q̂~ve2 v̂n!(
l>1

Re@Ml~q!El* ~q!#G , ~2.13!
2-2
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whereve5pe /Ape
21me

2 and v̂n5p̂n are the velocities of the
electron and antineutrino, respectively. Note that angular
mentum and parity selection rules restrict the number of n
vanishingl multipoles contributing to the transition.

A few comments are now in order. First, the express
above is valid fore2 emission, however, the rate fore1

emission corresponding to a transitionAZ→A(Z21)e1ne
has precisely the same form, but for the sign in the last te
of Eq. ~2.13!, 12 q̂(ve2 v̂n)•••. Second, for allowed transi
tions with uJi2Jf u561,0 andp i p f51 the above rate is
easily shown to reduce to the familiar expression in terms
Fermi @F}C0(q50;V)# and Gamow-Teller @GT}E1(q
50;A)5A2 L1(q50;A)# matrix elements, see Sec. V an
Ref. @18#. Finally, a more realistic treatment—such as th
outlined in Ref.@22#, for instance—takes into account th
distortion of the outgoinge6 wave function in the Coulomb
field of the residual nuclear system. The simple approxim
tion of multiplying the right-hand side of Eq.~2.13! by the
ratio of the charged lepton density at the nuclear radius to
density at infinity has been deemed, however, to suffice
our purposes here~see Sec. V!. One of the objectives of the
present study is to estimate, in an allowed decay such as
6He→6Li e2 n̄e under consideration @with (Ji

p i ;Ti)

5(01;1) and (Jf
p f ;Tf)5(11;0)#, the size of corrections as

sociated with~i! retardation effects due to the finite lepto
momentum transfer in the decay and~ii ! transitions other
than those of F@C0(q;V)# and/or GT @L1(q;A) and
E1(q;A)# type. For example, a naive analysis of the six-bo
decay above would ignore the momentum trans
dependence—it is in the range 0<q<4 MeV/c—as well as
the contributions arising from transitions induced by t
axial charge and vector current operators viaC1(q;A) and
M1(q;V) RME’s, respectively. Of course, available tabul
tions of F and GT matrix elements extracted from expe
ment@23# do attempt to estimate these corrections~as well as
those due to electron screening, the finite extent of
nuclear charge distribution, etc.!. The latter are typically ob-
tained, however, within the context of a shell-model desc
tion of the nuclear wave functions. Thus, it is interesting
re-examine the issue above within the present framew
using more realistic wave functions.

The e2 capture~so-callede capture! process is governed
by the same weak-interaction Hamiltonian in Eq.~2.1!. How-
ever, the lepton weak-current density is now given by

l s~x!5e2 ipn•xūngs~12g5!^atomf uce~x!uatomi&,
~2.14!

wherece(x) is the electron field operator anduatomi& and
uatomf& are the initial and final atomic states, respectively
realistic description of nuclear electron capture requir
therefore, a careful treatment of the atomic physics aspec
the process@24#, such as those relating to atomic wav
function overlaps, exchange contributions, and electr
correlation effects. We defer to Sec. V for a discussion
some of these issues in the context of the7Be e capture of
interest here. In this section, however, we simply appro
mate
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^atomf uce~x!uatomi&.
R1s~x!

A4p
x~se!

[
R1s~x!

A4p
u~pe ,se!, pe→0,

~2.15!

ignoring atomic many-body effects and relativist
corrections—this latter approximation is reasonably justifi
for low Z, since thee2 velocity is .Za!1. In Eq. ~2.15!,
R1s(x) is the 1s radial solution of the Schro¨dinger equation,
and the two-component spin statex(se) has been conve
niently replaced by the four-component spinoru(pe ,se) in
the limit pe→0, which allows us to use standard techniqu
to carry out the spin sum overse at a later stage. The tran
sition amplitude reads

^ f uHWu i &5
GV

A8p
R1s~0! l̃ s

3^2pn ;A~Z21!,Jf M f u j s
†~pn!uAZ,Ji M i&,

~2.16!

where l̃ s[ūngs(12g5)ue , and thee2 radial wave function
has been factored out from the matrix element ofj s(pn) by
approximating it with its value at the origin. The resultin
differential rate is then written as@17,18#

dG f i
e 52p d~Ei2Ef !

1

2 Ji11 (
Mi M f

(
sesn

z^ f uHWu i & z2
dpn

~2p!3
,

~2.17!

where the initial and final energies are now given byEi

5mi1me and Ef5pn1Apn
21mf

2, respectively. Note tha
atomic binding energy contributions have been neglec
since they are of the order (Za)2me/2. The square of the
amplitude summed over the spins can be obtainedmutatis
mutandisfrom that corresponding toe1 emission discussed
above in the limitpe50 (q5pn):

1

~2 Ji11! (
Mi M f

(
sesn

z^ f uHWu i & z2

5GV
2 uR1s~0!u2

4p

4p

~2 Ji11! F(
l>0

uCl~pn!2Ll~pn!u2

1(
l>1

uMl~pn!2El~pn!u2G . ~2.18!

III. WAVE FUNCTIONS

The VMC wave functionCT(Jp;T) for a given nucleus is
constructed from products of two- and three-body correlat
operators acting on an antisymmetric single-particle s
with the appropriate quantum numbers. The correlation
erators are designed to reflect the influence of the inte
tions at short distances, while appropriate boundary con
tions are imposed at long range@4–7#. The CT(Jp;T) has
2-3



i

.

o

e-
-

on
r

or

o
o

s

le

s-

e-

c-

-
rts.
r of

no

nt

and
as

at

ser

g
ed
is

R. SCHIAVILLA AND R. B. WIRINGA PHYSICAL REVIEW C 65 054302
embedded variational parameters that are adjusted to m
mize the expectation value

ET5
^CTuHuCT&

^CTuCT&
>E0 , ~3.1!

which is evaluated by Metropolis Monte Carlo integration
A good variational trial function has the form

uCT&5F11 (
i , j ,k

Ũ i jk
TNIGFS)

i , j
~11Ui j !G uCJ&. ~3.2!

The Jastrow wave functionCJ is fully antisymmetric and
has the (Jp;T) quantum numbers of the state of interest. F
the s-shell nuclei we use the simple form

uCJ&5F )
i , j ,k

f i jk
c GF)

i , j
f c~r i j !G uFA~JMTT3!&. ~3.3!

Here f c(r i j ) and f i jk
c are central two- and three-body corr

lation functions andFA is a Slater determinant in spin
isospin space, e.g., for thea particle

uF4~0000!&5Aup↑p↓n↑n↓&. ~3.4!

TheUi j andŨ i jk
TNI are noncommuting two- and three-nucle

correlation operators, andS indicates a symmetric sum ove
all possible orders. TheUi j includes spin, isospin, and tens
terms

Ui j 5 (
p52,6

up~r i j !Oi j
p , ~3.5!

where theOi j
p51,65@1,s i•s j ,Si j # ^ @1,t i•t j # are the main

static operators that appear in theNN potential. Thef c(r )
andup(r ) functions are generated by the solution of a set
coupled differential equations which contain a number
variational parameters@4#. The Ũ i jk

TNI has the spin-isospin
structure of the dominant parts of theNNN interaction as
suggested by perturbation theory.

The optimal Ui j and Ũ i j ;k
TNI do not change significantly

from nucleus to nucleus, butCJ does. For thep-shell nuclei,
CJ includes a one-body part that consists of four nucleon
an a-like core and (A24) nucleons inp-shell orbitals. We
use LS coupling to obtain the desiredJM value, as sug-
gested by standard shell-model studies@25#. We also need to
sum over different spatial symmetries@n# of the angular mo-
mentum coupling of thep-shell nucleons@26#. The one-body
parts are multiplied by products of central pair and trip
correlation functions, which depend upon the shells (s or p)
occupied by the particles and on theLS@n# coupling
05430
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uCJ&5AH )
i , j ,k

f i jk
c )

i , j <4
f ss~r i j ! )

k<4, l<A
f sp~r kl!

3 (
LS[n]

S bLS[n] )
4, l ,m<A

f pp
LS[n]~r lm!

3uFA~LS@n#JMTT3!1234:5•••A& D J . ~3.6!

The operatorA indicates an antisymmetric sum over all po
sible partitions into fours-shell and (A24) p-shell particles.
The pair correlation for both particles within thes shell f ss is
set to thef c of thea particle. Thef sp is similar to f ss at short
range, but with a long-range tail going to a constant'1,
while the f pp

LS[n] is allowed to depend on the particular singl
particle channel.

The LS@n# components of the single-particle wave fun
tion are given by

uFA~LS@n#JMTT3!1234:5•••A&

5uF4~0000!1234& )
4, l<A

fp
LS[n]~Ra l !

3H F )
4, l<A

Y1ml
~Va l !G

LML[n]

3F )
4, l<A

x l~
1
2 ms!G

SMS

J
JM

3F )
4, l<A

n l~
1
2 t3!G

TT3

L . ~3.7!

The fp
LS(Ra l) arep-wave solutions of a particle in an effec

tive a-N potential that has Woods-Saxon and Coulomb pa
They are functions of the distance between the cente
mass of thea core and nucleonl, and may vary withLS@n#.
The wave function is translationally invariant, so there is
spurious center of mass motion.

Two different types ofCJ have been constructed in rece
VMC calculations of lightp-shell nuclei: an original shell-
model kind of trial function@5# which we will call type I, and
a cluster-cluster kind of trial function@6,7# which we will
call type II. In type I trial functions, thefp

LS(r ) has an ex-
ponential decay at long range, with the depth, range,
surface thickness of the Woods-Saxon potential serving
variational parameters. Thef sp goes to a constant somewh
less than unity, whilef pp

LS[n] is similar to f ss at short range
with an added long-range tail that is larger for states of les
spatial symmetry@n#. Details for theseA56,7 trial functions
are given in Ref.@5#.

In type II trial functions,fp
LS(r ) is again the solution of a

p-wave differential equation with a potential containin
Woods-Saxon and Coulomb terms, but with an add
Lagrange multiplier that turns on at long range. Th
Lagrange multiplier imposes the boundary condition
2-4
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@fp
LS[n]~r→`!#n}Wkm~2gr !/r , ~3.8!

whereWkm(2gr ) is the Whittaker function for bound-stat
wave functions in a Coulomb potential andn is the number
of p-shell nucleons. Theg is related to the cluster separatio
energy which is taken from experiment. The accompany
f sp goes exactly to unity~more rapidly than in the type I tria
function! and the f pp

LS[n] are taken from the exact deutero
wave function in the case of6Li, or the VMC triton (3He)
trial function in the case of7Li ( 7Be). Consequently, the
type II trial function factorizes at large cluster separations

CT→cactWkm~2gr at!/r at , ~3.9!

whereca andct are the wave functions of the clusters a
r at is the separation between them. More details on th
wave functions are given in Refs.@6,7#. In the case of6He,
which does not have an asymptotic two-cluster threshold,
generate af pp

LS[n] correlation assuming a weakly bound1S0

nn pair.
For either type of trial function, a diagonalization is ca

ried out in the one-body basis to find the optimal values
the bLS[n] mixing parameters for a given (Jp;T) state. The
trial function, Eq.~3.2!, has the advantage of being efficie
to evaluate while including the bulk of the correlation e
fects. A more sophisticated variational function can be c
structed by including two-body spin-orbit correlations a
additional three-body correlations@4,27#, but the time to
compute these extra terms is significant, while the gain in
variational energy is relatively small. In calculations of3H
these extra terms have a negligible (,0.2%) effect on the
GT matrix element.

The wave function at a given spatial configurationR
5r1 ,r2 , . . . ,rA can be represented by a vector of 2A

3I (A,T) complex coefficients in spin and isospin space@5#.
For the nuclei considered here, this gives vectors of 320
6Li, 576 in 6He, and 1,792 in7Li and 7Be. The spin, isos-
pin, and tensor operatorsOi j

p52,6 contained in the Hamil-
tonian and other operators of interest are sparse matrice
this basis.

IV. NUCLEAR WEAK CURRENT

The model for the nuclear weak current has been m
recently and exhaustively described in Ref.@13#. Here we
summarize only its main features.

The nuclear weak current consists of vector and ax
vector parts

r6~q!5r6~q;V!1r6~q;A!, ~4.1!

j6~q!5 j6~q;V!1 j6~q;A!, ~4.2!

with corresponding one- and two-body components. T
weak vector current is constructed from the isovector par
the electromagnetic current, in accordance with
conserved-vector-current~CVC! hypothesis

j6~q;V!5@T6 ,j z~q;g!#, ~4.3!
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wherej6(q;V) is the charge-lowering (2) or charge-raising
(1) weak vector current,j z(q;g) is the isovector part of the
electromagnetic current, andT6 is the ~total! isospin-
lowering or isospin-raising operator. A similar relation hol
between the electromagnetic charge operator and its w
vector counterpart. For reference, we list only the expr
sions for the one-body terms inr(q;V) and j (q;V), in the
notation of Ref.@13#:

r i
(1)~q;V!5r i ,NR

(1) ~q;V!1r i ,RC
(1) ~q;V! ~4.4!

with

r i ,NR
(1) ~q;V!5t i ,6eiq•r i, ~4.5!

r i ,RC
(1) ~q;V!52 i

~2 mv21!

4m2
t i ,6q•~si3pi !e

iq•r i, ~4.6!

and

j i
(1)~q;V!5

1

2m
t i ,6@pi , eiq•r i#12 i

mv

2m
t i ,6q3si eiq•r i,

~4.7!

where@••• , •••#1 denotes the anticommutator,p, s, andt
are the nucleon’s momentum, Pauli spin, and isospin op
tors, respectively, andmv is the isovector nucleon magnet
moment (mv54.709 mN). Finally, the isospin raising and
lowering operators are defined as

t i ,6[~t i ,x6 i t i ,y!/2. ~4.8!

The one-body terms in the axial charge and current op
tors have the standard expressions@13# obtained from the
nonrelativistic reduction of the covariant single-nucleon c
rent, and retain terms proportional to 1/m2, m being the
nucleon mass

r i
(1)~q;A!52

gA

2 m
t i ,6si@pi ,eiq•r i#1 ~4.9!

and

j i
(1)~q;A!5 j i ,NR

(1) ~q;A!1 j i ,RC
(1) ~q;A!, ~4.10!

with

j i ,NR
(1) ~q;A!52gA t i ,6si eiq•r i, ~4.11!

j i ,RC
(1) ~q;A!5

gA

4m2
t i ,6S si@pi

2 , eiq•r i#12@si•pi pi , eiq•r i#1

2
1

2
si•q@pi , eiq•r i#12

1

2
q@si•pi , eiq•r i#1

1 i q3pi eiq•r i D2
gP

2 m mm
t i ,6q si•q eiq•r i.

~4.12!
2-5
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The axial-vector coupling constantgA is taken to be@28#
1.265460.0042, by averaging values obtained from the b
asymmetry in the decay of polarized neutrons and the h
lives of the neutron and superallowed 01→01 transitions.
The last term in Eq.~4.12! is the induced pseudoscalar co
tribution (mm is the muon mass!, for which the coupling
constantgP is taken as@29# gP526.78gA .

Some of the two-body axial-current operators are deri
from p- and r-meson exchanges and therp-transition
mechanism. These mesonic operators, first obtained in a
tematic way in Ref.@30#, have been found to give rathe
small contributions in weak transitions involving few
nucleon systems@12,13,17#. The two-body weak axial-
charge operator includes a pion-range term, which follo
from soft-pion theorem and current algebra argume
@16,31#, and short-range terms, associated with scalar-
vector-meson exchanges. The latter are obtained consist
with the two-nucleon interaction model, following a proc
dure @32# similar to that used to derive the correspondi
weak vector-current operators@13#.

The dominant two-body axial current operator, howev
is that due toD-isobar excitation@12,13#. Since theND tran-
sition axial-vector coupling constantgA* is not known experi-
mentally, the associated contribution suffers from a la
model dependence. To reduce it@12,13#, the coupling con-
stant gA* has been adjusted to reproduce the experime
value of the Gamow-Teller~GT! matrix element in tritiumb
decay, 0.95760.003 @12#. The value used forgA* in the
present work isgA* 51.17gA @17#.

TheD-excitation operator used here is that derived, in
staticD approximation, using first-order perturbation theo
This approach is considerably simpler than that adopte
Ref. @13#, where theD degrees of freedom were treated no
perturbatively, by retaining them explicitly in the nucle
wave functions@33#. However, it is important to emphasiz
@13# that results obtained within the perturbative and nonp
turbative schemes are within 1% of each other typically, o
gA* is fixed, independently in the perturbative and nonper
bative calculations, to reproduce the experimentally kno
GT matrix element; see Table XV in Ref.@13#.

V. CALCULATION

The calculation of theb decay ande-capture rates pro
ceeds in two steps. First, the Monte Carlo evaluation of
weak charge and current operator matrix elements, and
subsequent decomposition of these in terms of reduced
trix elements~RME’s!; second, the evaluation of the rate b
carrying out the integrations in Eqs.~2.12! and ~2.17!.

The RME’s are obtained from Eqs.~2.5!–~2.7! by choos-
ing appropriately theq̂ direction. For example, in theb de-
cay of 6He theC1(q;A) andL1(q;A) RME’s are determined
from

C1~q;A!5
i

A4p
^6Li,10ur1

† ~qẑ;A!u6He,00&, ~5.1!
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L1~q;A!5
i

A4p
^6Li,10uẑ• j1

† ~qẑ;A!u6He,00&, ~5.2!

while the E1(q;A) and M1(q;V) RME’s are determined
from

E1~q;A!52
i

A2p
^6Li,10uẑ• j1

† ~qx̂;A!u6He,00&, ~5.3!

M1~q;V!52
1

A2p
^6Li,10uŷ• j1

† ~qx̂;V!u6He,00&.

~5.4!

Here Ji ,Mi50,0 andJf ,M f51,0 and the spin-quantizatio
axis is alongẑ. The matrix elements above are compute
without any approximation, by Monte Carlo integration. T
wave functions are written as vectors in the spin-isos
space of theA nucleons (A56 or 7 here! for any given
spatial configurationR5(r1 , . . . ,rA). For the givenR, the
state vectorO†(R)C i(R) is calculated with techniques sim
lar to those developed in Ref.@14#—O(R) is any of the
operatorsr(q;V), j (q;V), etc., andC i(R) is the wave func-
tion of the initial nucleus. The spatial integrations are carr
out with the Monte Carlo method by samplingR configura-
tions according to the Metropolis algorithm, using a pro
ability density proportional to ^C f

†(R)C f(R)&, where
C f(R) is the wave function of the final nucleus and th
notation ^•••& implies sums over the spin-isospin state
Typically 20 000 configurations are enough to achieve a re
tive error<1% on the matrix elements.

Once the RME’s have been obtained, the calculation
the total transition rate is reduced to performing the integ
tions over the outgoing momenta in Eqs.~2.12! and~2.17!. A
glance at Eqs.~2.12! and ~2.13! shows that the differentia
rate depends on the magnitude of the electron momentumpe

and the variablexen5p̂e•p̂n , since the magnitude of the an
tineutrino momentum is fixed by the energy-conservingd
function. The total rate can therefore be written as

G f i
b 5

GV
2me

5

2p3
g f i

b , ~5.5!

where the constantg f i
b is simply given by

g f i
b [

2p

2Ji11E0

p̄e* dp̄ep̄e
2F~Zf ,p̄e!E

21

1

dxenp̄n
2f rec

21@•••#.

~5.6!

Here all momenta and rest masses have been express
units of the electron mass (p̄e5pe /me , m̄i5mi /me , m̄e
51, etc.!, @•••# denotes the content of the large squa
brackets on the right-hand side of Eq.~2.13!, f rec

21 is the re-
coil factor resulting from integrating out thed function,

f rec5U11
p̄exen

m̄f

1
p̄n

m̄f
U , ~5.7!
2-6
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and the antineutrino momentump̄n is

p̄n5
2D̄

11 p̄exen /m̄f1A~11 p̄exen /m̄f !
212D̄/m̄f

,

~5.8!

whereD̄5m̄i2m̄f2Ap̄e
2112 p̄e

2/(2m̄f). Lastly the function

F(Zf ,p̄e) accounts approximately for wave-function disto
tion effects of the outgoing electron in the Coulomb field
the final nucleus with atomic numberZf and radiusR̄f ~ex-
pressed in units of the Compton wavelength of the electr!
@22#

F~Z,p̄e!52~11g0!~2p̄eR̄!2(g021)
uG~g01 in!u2

uG~2g011!u2
epn,

~5.9!

with g0[A12(aZ)2 and n[aZ/ve . The maximum al-
lowed electron momentum is denoted withp̄e* , the upper
integration limit in Eq.~5.6!, and is given by

p̄e* 5$@Am̄f
212m̄f~m̄i2m̄f !112m̄f #

221%1/2.
~5.10!

Neglecting the recoil of the final nucleus leads tof rec51,

p̄n5m̄i2m̄f2Ap̄e
211, andp̄e* 5A(m̄i2m̄f)

221.
Note that there is an implicit dependence onpe andxen in

the RME’s via the momentum transferq. It is convenient to
make this dependence explicit by expanding the RME’s

Tl~q!5qm(
n>0

t l ,2nq2n, ~5.11!

consistently with the known expansions of the multipole o
erators in powers ofq @13#. Herem5 l ,l 61, depending on
the RME considered. For example, in the6He b decay one
has C1(q;A)5q(c1,01c1,2q

21•••), L1(q;A)5 l 1,01 l 1,2q
2

1•••, etc. Given the low momentum transfers involved
all transitions under consideration,q<4 MeV/c, the leading
and next-to-leading order termst l ,0 and t l ,2 are sufficient to
reproduce accurately Tl(q). Incidentally, the long-
wavelength approximation corresponds, typically, to reta
ing only the t l ,0 term. Finally, standard numerica
techniques—Gaussian quadratures—are used to carry ou
integrations in Eq.~5.6!.

It is useful to consider the case of allowed transitions
which uJi2Jf u561,0 andp ip f51, such as the6He b de-
cay of interest in the present study. Ignoring retardation c
rections due to the finite momentum transfer involved in
decay, one finds that the only surviving RME’s in the lim
q→0 areC0(V), L1(A), andE1(A)—of course,C0(V) van-
ishes unlessJi5Jf . The one-body terms in the associat
multipole operators read in this limit@13,18#

C00~q50;V!5
1

A4p
(

i
t i ,6 , ~5.12!
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E1l z
~q50;A!5A2L1l z

~q50;A!52
i

A6p
gA(

i
t i ,6s i ,1l z

,

~5.13!

where s i ,1l z
denote the spherical components ofsi . The

constantg f i
b is then obtained as, neglecting nuclear rec

corrections,

g f i
b 5

uFu21gA
2 uGTu2

2Ji11
f , ~5.14!

f [E
1

m̄i2m̄f
dĒeĒe~Ēe

221!1/2~m̄i2m̄f2Ēe!
2F~Zf ,Ēe!,

~5.15!

since the integration overxen can now be performed trivially.
The familiar definitions of the Fermi and Gamow-Teller~re-
duced! matrix elements

F[^Jf uU(
i

t i ,6UuJi&, ~5.16!

GT[^Jf uU(
i

t i ,6siUuJi& ~5.17!

have been introduced, as well asĒe5Ap̄e
211. Combining

Eqs.~5.5! and ~5.14! leads to the standard expression of t
decay rate for allowed transitions as, for example, in R
@23#.

Finally, the total rate fore capture easily follows from
Eqs.~2.17! and ~2.18!:

G f i
e 5

GV
2me

5

4p2
Ēn

2uR̄1s~0!u2f rec
21 4p

2Ji11
@•••#, ~5.18!

where now@•••# denotes the content of the large squa
brackets on the right-hand side of Eq.~2.18!, and the recoil
factor is given by f rec

215u12Ēn /(m̄i11)u.1 with Ēn

5@(m̄i11)22m̄f
2#/@2(m̄i11)#.m̄i112m̄f . Again, we

have expressed masses and energies in units ofme , and
R1s(0)5me

3/2R̄1s(0). In particular, for allowed transitions
and ignoring recoil effects, we obtain the familiar result@24#

G f i
e 5

GV
2me

5

4p2
Ēn

2uR̄1s~0!u2
uFu21gA

2 uGTu2

2Ji11
. ~5.19!

As already pointed out in Sec. II, however, a more ac
rate treatment of the atomic physics aspects is warranted
a meaningful comparison with experiment. In the case of
7Be e capture of interest here, such a program has ind
been carried out by Chen and Crasemann@34#. They use
multi configurational Hartree-Fock~MCHF! wave functions
to represent the initial ground state of the4Be atom as

C i5C1F~1s22s2!1C2F~1s22p2!, ~5.20!
2-7
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TABLE I. Binding energies~MeV! and point radii~fm! of A56 and 7 nuclei obtained with VMC wave
functions of type I and II for the AV18/UIX Hamiltonian model. Also listed are the corresponding GFMC
experimental values.

Nucleus Wave function B ^r p
2&1/2 ^r n

2&1/2

6He(g.s.) Type I 23.99~7! 1.97~1! 2.88~2!

Type II 23.78~7! 2.28~3! 3.23~5!

GFMC 28.1~1! 1.97~1! 2.94~1!

Expt. 29.27

6Li(g.s.) Type I 27.09~7! 2.49~1! 2.49~1!

Type II 27.34~7! 2.50~1! 2.50~1!

GFMC 31.1~1! 2.57~1! 2.57~1!

Expt. 31.99 2.43

7Be(g.s.) Type I 30.49~9! 2.44~1! 2.30~1!

Type II 30.00~10! 2.44~1! 2.33~1!

GFMC 36.2~1! 2.52~1! 2.33~1!

Expt. 37.60

7Li(g.s.) Type I 32.09~9! 2.30~1! 2.44~1!

Type II 31.87~9! 2.32~1! 2.43~1!

GFMC 37.8~1! 2.33~1! 2.52~1!

Expt. 39.24 2.27

7Li* (0.48 MeV) Type I 31.97~9! 2.29~1! 2.44~1!

Type II 31.43~10! 2.31~1! 2.42~1!

GFMC 37.5~2!

Expt. 38.76
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and the final 1s- or 2s-hole states, afterK or LI captures in
standard nomenclature@24# as

CK5C18F8~1s2s2!1C28F8~1s2p2!, ~5.21!

CL5F8~1s22s!. ~5.22!

They then proceed to evaluate the matrix eleme
^CKuce(x50)uC i& and similarly for CL . The MCHF ap-
proach goes beyond the independent-particle approxima
commonly adopted in the analysis of electron capture,
retaining the effects of Coulomb correlations among the e
trons. The end result is that the rate, including bothK andLI
captures, can be conveniently written as in Eq.~5.18!, but for
the replacementuR̄1s(0)u2→B3uR̄1s(0)u2, where

B5BK1UR̄2s~0!

R̄1s~0!
U2

BL ~5.23!

in the notation of Ref. @34#, with Ba5 z^Cauce(x
50)uC i& z2 anda5K or L. Using the values listed in Tabl
III of Ref. @34# for BK , BL , and the ratio of~radial! wave
functions at the origin, as well as the value forR̄1s(0) from
Table IX of Ref. @24#, we find the relevant combinationB
3uR̄1s(0)u2 to be equal to 7.240331025 for the case of7Be.
05430
ts

n,
y
c-

VI. RESULTS

In this section we report results for theb decay of 6He
and the e capture in 7Be. The variational Monte Carlo
~VMC! wave functions of theA56 and 7 nuclei have bee
obtained from a realistic Hamiltonian consisting of the A
gonnev18 two-nucleon@8# and Urbana-IX three-nucleon@9#
interactions, the AV18/UIX model.

The binding energies and radii predicted by the VM
wave functions of type I and II discussed in Sec. III are list
for reference in Table I, along with the exact GFMC energ
for this Hamiltonian@5# and the experimental values. W
note that the type I wave function gives a slightly bet
energy in all cases, except for6Li, while the nucleon radii
are very similar in all cases except for6He. The VMC wave
functions underbind by about 4~6! MeV in the A56 ~7!
nuclei compared to GFMC; all indications are that this de
ciency is due to a small amount of high-energy (;1 GeV)
contamination, probably due to inadequate short-ra
many-body correlations. In turn, the GFMC energies
about 4% short of experiment, indicating the AV18/UI
model is not quite satisfactory for these nuclei.

The contributions of the different components of we
vector and axial-vector charge and current operators to
reduced matrix elements~RME’s! contributing to theb de-
cay of 6He and thee capture in7Be are reported in Tables I
and VII. In these tables the column labeled ‘‘one-body’’ lis
the contributions associated with the one-body terms of
charge and current operators, including relativistic corr
2-8
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TABLE II. Contributions to the~purely imaginary! reduced matrix elementsE1(A), L1(A), M1(V), and
C1(A) at q50.015 fm21 in 6He b decay. See text for notation.

RME 1-body Mesonic D (112)-body

1013E1(A) 26.540(15) 20.004(3) 20.110(3) 26.654(16)
1013L1(A) 24.623(11) 20.003(2) 20.078(2) 24.704(11)
1033M1(V) 3.922~9! 0.300~2! 0.057~1! 4.279~10!

1043C1(A) 24.584(32) 20.977(10) 20.171(5) 25.733(34)
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IX
tions proportional to 1/m2. These are the operators given
Eqs. ~4.4!, ~4.7!, ~4.9!, and ~4.10! of Sec. IV. The column
labeled ‘‘mesonic’’ lists the contributions from two-bod
vector and axial-vector charge and current operators, ass
ated with pion and vector-meson exchanges, namely, thos
Eqs. ~4.16!–~4.17!, ~4.30!–~4.31!, ~4.32!–~4.34!, and
~4.35!–~4.37! of Ref. @13#. Lastly, the column labeled ‘‘D ’’
lists the contributions arising fromD excitation, obtained in
perturbation theory and in the staticD approximation, as in
Eqs. ~4.44!, ~4.48!, ~4.50!, and ~4.52! of Ref. @13#. We reit-
erate that the coupling constantgA* in theND axial two-body
current has been set equal to the value 1.17gA , required to
reproduce the tritium Gamow-Teller~GT! matrix element in
a calculation based on the same treatment ofD degrees of
freedom, and using correlated-hyperspherical-harmonics
nucleon wave functions corresponding to the AV18/U
Hamiltonian model@17# ~see discussion in Sec. IV!.

The contributions of the different components of the we
axial current to the GT matrix elements occurring in the6He
b decay and7Be e capture are reported in Tables III, V, an
VI. The notation in these tables is similar to that just d
cussed above, with the only difference that it is now in r
erence to the axial current only. Furthermore, the one-b
contributions are separated into the contributions associ
with the leading and next-to-leading terms in the nonrela
istic expansion of the covariant single-nucleon axial curre
Eqs.~4.11! and~4.12!. Having clarified the notation in~most
of! the tables, we now proceed to discuss the results for
6He b decay and7Be e capture separately in the next tw
subsections.

A. The 6He b decay

The 6He b decay is induced by the weak axial-vect
charge and current, and weak vector current operators via
multipolesC1(q;A), L1(q;A), E1(q;A), andM1(q;V). The
values for the associated RME’s, obtained with type I VM
wave functions, are reported in Table II at a val
0.015 fm21 of the lepton momentum transferq. Note that in
the decayq varies, ignoring tiny recoil corrections, betwee
0 and.0.020 fm21, corresponding to an end-point energ
m(6He) –m(6Li) 54.013 MeV/c2.
05430
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The largest~in magnitude! RME’s are theL1(A) and
E1(A) due to transitions induced by the weak axial curre
j (q;A). This is to be expected since the decay6He →
6Lie2n̄e is a superallowed one, having (Ji

p i ;Ti)5(01;1)

and (Jf
p f ;Tf)5(11;0). The two-body ‘‘mesonic’’ contribu-

tions to j (q;A) are individually very small, moreover the
interfere destructively and nearly cancel out. The two-bo
axial current contributions due toD excitation are at the leve
of .1.5% of the leading one-body contributions.

The transitions induced by the axial charge and vec
current are inhibited, since the first nonvanishing terms in
long-wavelength expansions of the associated multipole
erators are linear inq, and hence their contributionsC1(A)
andM1(V) suppressed by one power ofqR (R is the nuclear
radius! with respect toL1(A) andE1(A). The two-body con-
tributions toM1(V) andC1(A) are relatively large, and in-
crease~in magnitude! the one-body results by 9% and 25 %
respectively. Among the ‘‘mesonic’’ terms, thep axial
charge and vector current operators are dominant, while
vector-meson exchange as well asD operators play a minor
role. It is important to stress the model-independent chara
of the p-exchange two-body operators, whose vector a
axial-vector structures are dictated, respectively, by ga
invariance@13# and current algebra@16# arguments.

TheM1(V) RME is approximately related by CVC to th
RME of the electromagnetic multipole operatorM1(g) con-
necting the6Li* (3.56 MeV) excited state with (Jp;T) as-
signments (01;1) to the 6Li(g.s.) ground state (Jp;T)
5(11;0) via

M1~q;V!52
1

A2p
^6Li,10u@T6 ,ŷ• j z

†~qx̂;g!#u6He,00&

.2A2M1~q;g!, ~6.1!

where we have made use of Eqs.~4.3! and ~5.4!, and have
assumed that the6Li(g.s.) as well as the6He(g.s.) and
6Li* (3.56 MeV) states are members, respectively, of
isosinglet and an isotriplet. Of course, electromagnetic te
and isospin-symmetry-breaking components in the stro
interaction sector, both of which are present in the AV18/U
TABLE III. Contributions to the Gamow-Teller matrix element in6He b decay. See text for notation.

Wave function 1-body NR 1-body RC Mesonic D (112)-body

Type I 2.254~5! 20.0094(3) 0.0014~9! 0.0376~10! 2.284~5!

Type II 2.246~10! 20.0100(3) 0.0011~10! 0.0418~11! 2.278~10!
2-9
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Hamiltonian model, will spoil the relation above to som
extent. However, the present VMC wave functions of typ
for 6Li(g.s.), 6Li* (3.56 MeV), and6He(g.s.) are pureT
50 and TMT510 and 1–1, respectively. Similar~type I!
wave functions have been recently employed in Ref.@11# to
carry out a calculation of the elastic and transition form fa
tors of theA56 systems and, in particular, of the radiati
width of the 6Li* (3.56 MeV) state. The values for th
M1(g) RME were found to be2 i2.8131023 and 2 i3.09
31023 including one-body only and both one- and two-bo
terms in the electromagnetic current operator@11# in agree-
ment, on the basis of Eq.~6.1!, with those reported in Table
II. Incidentally, the radiative width of the6Li* (3.56 MeV)
was predicted to be@11# 7.49 eV and 9.06 eV with one- an
~one1two!-body currents. The experimental value is (8.
60.17) eV.

In Table III we list results for the GT RME, related to th
L1(q50;A) andE1(q50;A) RME’s via

E1~q50;A!5A2L1~q50;A!52
i

A6p
gAGT, ~6.2!

with gA51.2654. A few comments are in order. Firstly, th
predicted6He GT RME is about 5% larger than the value
2.173 that is derived from Eqs.~5.5! and ~5.14! using the
most recent tabulation of the log(ft) value for the6He decay,
2.91060.002, reported in Ref.@35#. This over-prediction is
already present at the level of the one-body contributio
those associated with two-body operators further increase
discrepancy from about 3 to 5 %. Secondly, the differen
between the results obtained with type I and II wave fu
tions are very small, even though those for6He have very
different nucleon radii. The type II wave functions, in co
trast to those of type I, incorporate long-range Coulomb c
relation effects and the correct two-body clustering behav
in the asymptotic region, as discussed in Sec. III. Howe
these asymptotically improved wave functions have onl
marginal impact on the value of the GT RME, by reducing

TABLE IV. Values in ms for the6He half-life obtained in a
number of approximation schemes. See text for an explanation.
measured half-life is also listed.

1-body ~112!-body

E1(0;A) and L1(0;A) 762.9 743.2
E1(q;A) and L1(q;A) 763.5 744.0
All 764.4 745.1
Expt. 806.761.5
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by only .0.2%. Thirdly, the relativistic corrections to
j (q;A) ~proportional to 1/m2) are relatively large, compa
rable to the leading two-body contributions associated w
D excitation, and have been neglected in all previous stud
we are aware of. Lastly, theE1(q50;A) RME, derived from
Eq. ~6.2!, is 2 i0.6657~total!, which should be compared t
the value 2 i0.6654 ~total, type I! obtained at q
50.015 fm21. Thus retardation corrections are tiny, as e
pected.

Finally, in Table IV we list the values for the half-life o
6He derived from Eqs.~5.5! and ~5.6! under different ap-
proximation schemes for purpose of illustration~note that
t1/25 ln 2/G). The first row in Table IV is obtained by retain
ing only the L1(A) and E1(A) RME’s evaluated atq50,
namely, neglecting retardation corrections as well as the c
tributions from transitions induced by the vector current a
axial charge. It is equivalent to using Eqs.~5.14! and~5.15!,
apart from negligible recoiling corrections. The second r
again includes only theL1(A) and E1(A) RME’s, but now
keeps their full momentum transfer dependence. The th
row includes all contributing RME’s with their intrinsicq
dependence. The last row reports the measured half-life f
Ref. @35#.

It is important to stress that in the present calculation
effects of Coulomb distortion of the outgoing electron wa
function are considered within the approximate scheme
cussed in Sec. V. In existing tabulations, such as those in
@23#, these effects are treated more realistically, by solv
the Dirac equation for the electron in the field generated
the ~extended! charge distribution of the daughter nucleu
Obviously, this approach complicates considerably the
mulas derived in Sec. II using plane waves. However,
‘‘error’’ made in our present treatment should not be large,
can be inferred from the following argument. If one takes t
experimental value for the GT matrix element~2.173! to
compute back the experimental half-life, but using Eqs.~5.5!
and~5.6!, one obtains a value of 820.4 ms, which should
compared to the ‘‘true’’ experimental half-life of 806.7 m
This 1.6% difference is presumably due to our present
proximate scheme for dealing with Coulomb distortions
the electron waves. Lastly, if these were to be altoget
ignored @by settingF(Z,p̄e)51 in Eq. ~5.6!#, the resulting
calculated values fort1/2, in the same approximation as i
the third row of Table IV, would be 823.9 ms and 803.1 m
with 1- and~112!-body operators, respectively.

B. The 7Be e capture

The 7Be nucleus decays by electron capture to the gro
state of 7Li and to its first-excited state at 0.478 MeV. Th

he
TABLE V. Contributions to the Gamow-Teller matrix element in the7Be e capture to the7Li ground
state. See text for notation.

Wave function 1-body NR 1-body RC Mesonic D (112)-body

Type I~20k! 2.366~29! 20.038(2) 0.0039~18! 0.110~3! 2.441~29!

Type I~10k! 2.288~42! 20.034(3) 20.0029(26) 0.110~5! 2.361~42!

Type II~10k! 2.321~41! 20.041(2) 20.0008(9) 0.108~5! 2.387~41!
2-10
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TABLE VI. Contributions to the Gamow-Teller matrix element in the7Be e-capture to the7Li first
excited state. See text for notation.

Wave function 1-body NR 1-body RC Mesonic D (112)-body

Type I~15.5k! 2.157~6! 20.028(1) 0.0064~8! 0.080~1! 2.215~6!

Type I~10k! 2.156~7! 20.028(1) 0.0063~10! 0.080~2! 2.215~7!

Type II~10k! 2.154~7! 20.034(1) 0.0049~11! 0.093~2! 2.218~8!
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(Jp;T) assignments of 7Be(g.s.), 7Li(g.s.), and
7Li* (0.48 MeV) are (32

2; 1
2 ), ( 3

2
2; 1

2 ), and (12
2; 1

2 ), respec-
tively.

The calculated GT matrix elements for the transitions
the ground and first excited states of7Li are given in Tables
V and VI. The first and second rows in Table V~VI ! list the
results obtained with VMC wave functions of type I, an
based on random walks consisting of 20 000~15 500! and
10 000 ~10 000! configurations, respectively. Note that th
statistical Monte Carlo errors are at the 1% level for t
decay to7Li, and almost an order of magnitude smaller f
the decay to7Li* . Indeed, the central values computed in t
longer and shorter random walks are fully consistent~within
errors! in the ground- to excited-state transition, but bare
so in the ground- to ground-state transition. The third row
Tables V and VI lists the results obtained with VMC wa
functions of type II and based on 10 000 point random wa
As for theA56 case, it appears that the asymptotically i
proved wave functions of type II lead to values for the G
matrix elements not statistically different from those of ty
I. The two-body contributions increase by roughly 3% t
one-body matrix elements, and as discussed below, b
theory into better agreement with experiment.

Thee capture to7Li(g.s.) also proceeds through a Ferm
type transition. The Fermi matrix element, defined as in
~5.16!, is F52A2Jf11 with wave functions of type I, in
which isospin-symmetry-breaking components are ignor
However, the type II wave functions do include long-ran
Coulomb correlations, and therefore break the isospin s
metry of the isodoublet7Be(g.s.)-7Li(g.s.). The Fermi ma-
trix element is calculated to be, in this case,21.999.

In Table VII we report the contributions from the ind
vidual components of the weak vector and axial charge
current operators to the dominant RME’s occurring in t
transition to the first-excited state of7Li ~the corresponding
neutrino energy isEn50.384 MeV orĒn50.752 in units of

TABLE VII. Contributions to the~purely imaginary! reduced
matrix elementsE1(A), L1(A), M1(V), and C1(A) in the 7Be e

capture to the7Li first excited state atĒn50.7515~in units of the
electron mass!. See text for notation.

RME 1-body Mesonic D (112)-body

1013E1(A) 6.192~18! 0.016~3! 0.220~4! 6.427~19!

1013L1(A) 4.405~13! 0.017~2! 0.163~3! 4.584~13!

1043M1(V) 25.010(13) 20.746(6) 20.148(2) 25.904(14)
1053C1(A) 5.328~90! 0.456~20! 0.163~17! 5.948~93!
05430
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the electron mass!. The M1(V) and C1(A) transition
strengths are down by 3 and 4 orders of magnitude w
respect to the leadingE1(A) and L1(A). There are in prin-
ciple additional contributions from order 2 multipoles, su
as C2(V) and M2(A), for example, however, these are e
pected to be even more suppressed than those due toM1(V)
and C1(A). No attempt has been made to calculate the
One should note that the retardation corrections in
E1(q;A) and L1(q;A) RME’s are negligible. Indeed,E1(q
50;A)5A2L1(q50;A)56.45631021 in the (112)-body
calculation, which should be compared with 6.42731021

from Table VII. Lastly, theM1(V) RME can be expresse
via CVC, again ignoring isospin-symmetry-breaking effec
as

M1~q;V!.2 i
A2

3

q

2m
@^7Be* uum1~g!uu7Be&

2^7Li* uum1~g!uu7Li &#, ~6.3!

where 7Be* is the first excited state of7Be at 0.429 MeV
with (Jp;T)5(12/2;1/2), andm1(g) is the magnetic mo-
ment operator. From the experimentally known radiat
widths of the7Be* and 7Li* states@35#, the isovector com-
bination above of transition magnetic moments is found to
(5.8760.14)mN , and the resultingM1(q;V) is 2 i5.66
31024, which should be compared to the predicted values
2 i5.01031024 and 2 i5.90431024 with one- and ~one
1two!-body currents from Table VII, respectively. Inciden
tally, in the case of the transition to the ground state of7Li,
one finds, using the experimental values for the7Be and7Li
magnetic moments @respectively, –1.398(15)mN and
3.256424(2)mN from Ref. @35##, that the isovector combina
tion similar to that in Eq.~6.3! ~with 7Be* →7Be and 7Li*
→7Li) is i (0.100760.0003)31022, while the calculated
values arei0.11131022 and i0.13231022 with one- and
~one1two!-body currents.

Finally, in Table VIII we report the predicted half-life an
branching ratio of7Be to the ground and first-excited stat

TABLE VIII. The half-life and branching ratio of7Be to the
ground and first excited states of7Li, predicted with one- and~one
1two!-body currents, are compared with the experimental valu
The VMC wave functions of type I are used.

1-body ~112!-body Expt.

t1/2(days) 62.29 58.24 53.2260.06
j(%) 10.20 10.33 10.4460.04
2-11



a
an

le
on
th

l
c
ur
o
ef

t
ta

t
st
-
ve
-
he
an
in
to
re

re

a

th
o
s

en
xi-
We
ive
h
, in

lues
for

nt
nte

d-
n-

ore

els
ld

ped

nt
eads
ata

im-
ar:
ent
res

ct
ern

of
n-
re
a-

R. SCHIAVILLA AND R. B. WIRINGA PHYSICAL REVIEW C 65 054302
of 7Li. We have ignored the tiny corrections due to retard
tion effects and transitions induced by the vector current
axial charge operators, i.e., Eq.~5.19! has been used forGe,
but for the replacementuR̄1s(0)u2→B3uR̄1s(0)u257.2403
31025. The half-life is over predicted by about 9%, whi
the branching ratio is under predicted by 1%. Two-body c
tributions reduce significantly the discrepancy between
calculated and measured quantities.

VII. CONCLUSIONS

In the present study we have reported on calculations
the 6He b-decay and7Be e-capture rates, using variationa
Monte Carlo~VMC! wave functions derived from a realisti
Hamiltonian, and a realistic model for the nuclear weak c
rent and charge operators, consisting of one- and two-b
terms. Both processes are superallowed, and are ther
driven almost entirely by the axial current~and, additionally,
by the vector charge in the case of the7Be decay to the
ground state of7Li). The two-body part in the axial curren
operator has been adjusted to reproduce the experimen
known Gamow-Teller~GT! matrix element in3H b decay.

The GT matrix element in6He is over predicted by abou
5%, while those in7Be connecting to the ground and fir
excited states of7Li are underpredicted by 5%, when com
pared to the experimental values. However, the obser
branching ratio in the7Be e capture is reasonably well re
produced by theory. We have verified explicitly that t
~relatively small! discrepancies between the measured
calculated GT matrix elements are not explained by the
clusion of retardation effects or by the shift of strength
suppressed transitions induced by the weak vector cur
and axial charge operators.

One- and two-body axial current contributions interfe
constructively, leading to a 1.7%~4.4% on average! increase
in the one-body prediction for the GT matrix element in6He
(7Be). As a result, the inclusion of two-body operators h
the effect of slightly worsening~significantly improving! the
agreement between theory and experiment in6He (7Be) sys-
tems. It is important to stress that the same model for
nuclear weak current adopted here, has been recently sh
to provide an excellent description of the proce
3He(m2,nm)3H @17#, in which two-body~vector and axial-
C
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a

C
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vector! operators contribute 12% of the total rate.
The origin of the current unsatisfactory situation betwe

theory and experiment is most likely to be in the appro
mate character of the VMC wave functions used here.
have explored the sensitivity of the results to alternat
VMC wave functions, denoted as type II in Sec. III, whic
incorporate a better treatment of the asymptotic behavior
particular the clustering properties into 214 or 314
subsystems. No significant changes in the calculated va
have been found. Thus, the next logical step in our quest
a quantitative understanding of weak transitions in theA
56 and 7~as well asA58) systems, is to repeat the prese
calculations with the more accurate Green’s function Mo
Carlo wave functions@9,10,36#.

Another, although probably lesser problem, is the ina
equacy of the AV18/UIX Hamiltonian, as reflected in its u
derbinding of theA56 and 7 nuclei. Thus it will also be
worthwhile repeating these calculations with one of the m
advanced Illinois three-nucleon potentials@36#. It will also
be useful to investigate the numerical implications of mod
for the nuclear weak current derived from effective fie
theory approaches, such as those in Refs.@37,38#. Most of
the computational techniques and computer codes develo
here can be carried over to this planned next stage.

Finally, it is important to establish whether the prese
approach, based on realistic interactions and currents, l
to a consistent description of the available experimental d
on weak transitions in light nuclei,beyondtheA53 systems
for which its validity has already been ascertained. One
portant implication of such a program should be made cle
it would serve to corroborate the robustness of our rec
predictions for the cross sections of the proton weak captu
on 1H @12,37# and 3He @13,38#.
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