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Is e¿eÀ pair emission important in the determination of the 3He¿4He S factor?

K. A. Snover and A. E. Hurd
Center for Experimental Nuclear Physics and Astrophysics, University of Washington, Seattle, Washington 98195

~Received 28 October 2002; published 15 May 2003!

We show that the cross section for directE0 pair emission is related to the cross section for directE2 photon
emission, and is a negligible contribution to the total capture cross section for3He14He→7Be. E0 resonance
emission,E1 pair emission, and internal conversion are also negligible. Thus there cannot be significant
contributions to the3He14He→7Be capture cross section at low energies from electromagnetic emission
processes other than single photon emission.

DOI: 10.1103/PhysRevC.67.055801 PACS number~s!: 26.20.1f, 25.40.Lw, 23.20.Ra, 26.65.1t
b
-
h

tw
ex

ug
le
tu

c
s

r
om
e

e

al
c

in

nu

pl

or

no

icle

-

pen-

etic
There have been a number of measurements of the3He
14He →7Be capture cross section at low energies, both
detection of the captureg rays and by detection of the re
sidual 7Be activity. The presently recommended value of t
astrophysicalS factor for this reaction isS34(0)50.53
60.05 keV b@1#. The relatively large uncertainty inS34(0)
stems from an apparent difference in the results of the
types of experiments, with an average of the activation
periments yielding a value forS34(0) which is;13% larger
than the value determined from the captureg-ray experi-
ments@1#. While the statistics in these comparisons are s
gestive, but not compelling, this apparent difference has
to the question of whether there might be some other cap
reaction mechanism that could explain it, such asE0 pair
emission@1#. At low bombarding energies, the capture rea
tion takes place at large radial distances, and hence proce
such asE0 pair emission should be enhanced.

The uncertainty inS34(0) is the dominant error in sola
model calculations of the solar neutrino production rate fr
7Be decay in the Sun@2#. It is also one of the largest singl
error contributions to the calculatedne production rate from
8B decay@2#, especially now that the uncertainty onS17(0),
the astrophysicalS factor for the 7Be(p,g)8B reaction, is
being reduced to better than65% ~see Ref.@3#!. A signifi-
cant reduction in the uncertainty onS34(0) would have im-
portant consequences for solar model physics and for n
trino astrophysics. In addition, the3He14He→7Be reaction
is important for big bang nucleosynthesis, since essenti
all the 7Li produced in the big bang comes from this rea
tion.

In this report we relate the cross section for directE0
emission to the cross section for directE2 g-ray emission.
This may be done since the operators~in nucleon coordi-
nates! for E0 andE2 emission,OE05( i(ei /e)r i

2 and OE2

5( i(ei /e)r i
2Y2m(V i), have the same radial dependence

the long wavelength limit. As a result,E0 direct capture
amplitudes for specific partial wave transitions may be
merically related to the correspondingE2 direct capture am-
plitudes. At low bombarding energies, this leads to a sim
relation between the cross sections forE0 pair emission and
E2 photon emission.

We begin by comparingE0 andE2 emissions for transi-
tions between individual levels of finite spin. The width f
E0 pair emission from an isolated level in a low-Z nucleus
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@4# ~here we generalize the results of Ref.@4# to states of
finite spin!, and the width forE2 g emission@5# are given by

GEL5 f EL~E!B~EL!, ~1!

where

f E0~E!5
e4

108p~\c!6 b~S!~E22mc2!3~E12mc2!2,

~2!

f E2~E!5
4pe2

75~\c!5 E5, ~3!

and B(EL) is the reduced transition rate@5#. HereE is the
transition energy, b(S)5(3p/8)(12S/42S2/81S3/16
2S4/6415S5/512), andS5(E22mc2)/(E12mc2).

For states withJi5Jf>1 andp i5p f , both E0 andE2
transitions are allowed. Although, in general, there is
simple relation betweenB(E0) andB(E2) for the same ini-
tial and final states, there is a relation for pure single-part
transitions, for which@5#

B~E2!s.p.5
5~2 j f11!~2l f11!~2l i11!

4p

3S l f 2 l i

0 0 0D
2H l f j f 1/2

j i l i 2 J 2

uR2 f i u2, ~4!

whereR2 f i is the radial matrix element ofr 2 between initial
and final states. In order thatB(E0) be nonzero, the single
particle transition must havej f5 j i andl f5 l i , in which case

B~E0!s.p.5uR2 f i u2. ~5!

As an example, consider anE52 MeV p3/2→p3/2 single-
particle transition ~for example, ann→n21 transition,
where n is the principal quantum number!. Here B(E2)
5uR2 f i u2/4p and GE0 /GE254p f E0(2 MeV)/f E2(2 MeV)
5431024.

The magnitude of theE0/E2 width ratio in the above
example is easy to understand. The common operator de
dence onr 2 indicates that bothE0 andE2 photon emissions
have the same degree of forbiddenness. In theE0 case the
photon is virtual, connecting to a second electromagn
vertex where it internally converts into ane1e2 pair. Thus
©2003 The American Physical Society01-1
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GE0 contains an additional power of the fine structure co
stant, and this, together with the phase space ratioE
22mc2)3(E12mc2)2/E5, accounts for most of the inhibi
tion of E0 pair emission relative toE2 photon emission.

At low energies, there are no levels in7Be, and hence no
resonances in3He14He→7Be capture. There are also n
near subthreshold states, and as a result, direct capture d
nates@6#. HenceE0 pair emission, if it is important, shoul
also occur predominantly by a direct capture process.

The direct capture cross section in the channel spin c
pling scheme forE0 pair emission and forE2 g-ray emis-
sion may be written following Christy and Duck@7#, and
guided by the decay width relations given above:

sEL~E!5
f EL~E!

\v S ee f f~EL!

e D 2

(
l i ,I

aI
2

3
4p

~2S111!~2J211! (
Ji

~2Ji11!B~EL!,

~6!

where

B~E2!5
5~2Jf11!~2l f11!~2l i11!

4p

3S l f 2 l i

0 0 0D
2H l f Jf I

Ji l i 2J
2

uR2 f i u2, ~7!

andB(E0)5uR2 f i u2 whenJi5Jf and l i5 l f and zero other-
wise. HereJi is the total angular momentum in the entran
channel,J2 is the total angular momentum of the targ
nucleus,S1 is the spin of the projectile,Jf is the total angular
momentum of the final state,aI

2 is the final-state parentag
coefficient for channel spinI, and hereR2 f i is the radial
transition matrix element ofr 2 as defined in Ref.@7#.

The usual recoil effective charge factors forL>1 are

S ee f f~EL!

e D 2

5m2LS Z1

M1
L 1~21!L

Z2

M2
LD 2

, ~8!

wherem5M1M2 /(M11M2) is the reduced mass of the e
trance channel. ThisL dependence arises from ther L depen-
dence of the operator; henceee f f(E0) and ee f f(E2) are
equal and are given by the above formula withL52.

The equations forsEL(E) simplify when either the targe
or projectile has zero spin, in which case~taking J250) Ji

5 j i ,Jf5 j f , and only oneaI
2 contributes. In the case o

3He14He→7Be, I 5S151/2. A further simplification oc-
curs at low energy, when the nuclear phase shift depe
only on l i and not onJi or j i @7#. Then the sum overj i leads
to

sE2~E!5
f E2~E!

\v S ee f f~E2!

e D 2

a1/2
2 5~2 j f11!

2

3(
l i

~2l i11!S l f 2 l i

0 0 0D
2

uR2 f i u2. ~9!
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The E0 cross section is nonzero only whenl i5 l f , in which
case onlyj i5 j f contributes, and

sE0~E!5
2p f E0~E!

\v S ee f f~E0!

e D 2

a1/2
2 ~2 j f11!uR2 f i u2.

~10!

For 3He14He→7Be at low energies, andl i5 l f51, the
E0/E2 cross section ratio reduces to

sE0~E!

sE2~E!
5

2p f E0~E!

f E2~E!
. ~11!

It is interesting to note that this cross section ratio is ind
pendent ofj f . It is also numerically equal to one half th
width ratio in the example discussed above.

Over a wide energy range in3He14He, thep1/2 andp3/2
phase shifts are within 10° or so of each other@8#. For
Ec.m.,1 MeV, E2 capture is primarilyp wave (l i5 l f51)
@9#. HereE5Ec.m.1Q, whereQ51.59 MeV for the transi-
tion to the 3/22 ground state and 1.16 MeV for the transitio
to the 1/22 first excited state. As can be seen in Fig. 1, t
E0/E2 cross section ratio is small, less than 0.1%.

We may estimate the fractional contribution ofE0 pair
emission to the predominantlyE1 total capture cross sectio
if we know the fractional contribution ofp-waveE2 capture.
From Fig. 7 of Ref.@9# the p-wave E2 contribution can be
estimated forEc.m.;0.1 to 2 MeV, for the sum of transition
to the ground state and first excited state. The fractio
p-wave E2 contribution rises from;0.15% at Ec.m.
;0.1 MeV to ;0.27% atEc.m.;1.2 MeV and is roughly
constant at higher energies. Taking a weighted average of
~11! over the ground state and first-excited-state transitio
using the experimental branching ratio of 0.4@11# for the
first-excited-state transition relative to the ground state tr
sition, and multiplying by thep-waveE2 fraction yields the
fractional contribution ofE0 pair emission to the total cap
ture cross section shown in Fig. 2@10#. Thus directE0 pair
emission makes a negligible contribution to the total capt
cross section for3He14He→7Be.

FIG. 1. Cross section ratiosE0(E)/sE2(E) for p-wave direct
capture (l i5 l f51) in 3He14He→7Be, versus transition energyE,
as given in Eq.~11!.
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What about resonantE0 pair emission? There are n
known levels in7Be that could contribute to this process
low energy. However, even if we assume a broadG
;1 MeV), previously undetectedE0 resonance with a
single-particleE0 strength@4#, its cross section would be
small compared to the directE0 cross section estimate
above.E0 emission may also occur by internal conversio
however, in 3He14He this is also unimportant@12# as it is
less probable thanE0 pair emission except close to thres
old. Collective~giant resonance! E0 strength is expected t
lie at much higher energies. In fact, our estimated directE0
cross section forE<4 MeV exhausts;8% of theE0 sum

FIG. 2. Fractional contribution of directE0 pair emission to the
total capture cross section for3He14He→7Be, versusEc.m..
.
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rule @13#, and thus it is not possible for any broadE0 emis-
sion process to contribute significantly to the total cross s
tion for 3He14He→7Be.

In general, all electromagnetic multipole transitions m
occur by pair emission. AnE0 transition is distinguished
from other multipole transitions by the absence of sin
photon emission rather than the presence of pair emiss
Pair emission is a weak function of multipole order, and p
emission coefficients@14# ~probability of pair emission di-
vided by the probability of single photon emission! are larg-
est for E1 emission. TheE1 pair emission coefficient rise
with energy and is roughly 0.13% atE53 MeV for Z54
@14#. Thus,e1e2 pair emission of any multipolarity is neg
ligible in 3He14He radiative capture.

In conclusion, we have shown that the direct capture cr
section forE0 pair emission is related to the direct captu
cross section forE2 photon emission, and this relation
especially simple at low bombarding energies. In the cas
3He14He→7Be, we find that the directE0 pair emission
cross section is of order 1026 or less of the total capture
cross section at low energies, and hence is unimportant in
determination ofS34(0). ResonantE0 pair emission, pair
emission of other multipolarity, and internal conversion mu
all be negligible as well. Thus, all electromagnetic proces
other than direct single photon emission are unimportan
the determination ofS34(0).
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