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Proton Capture by Be and the Solar Neutrino Problem
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It is shown theoretically that the 'Be(p, y) B reaction cross section contains substantial
contributions from p and d partial waves at laboratory energies, and extrapolations to stel-
lar energies based on the assumption of pure s-wave capture are therefore erroneous. How-
ever, there is no change in the predicted solar neutrino Aux, because the calculated low-en-
ergy cross-section factor, 31 eVb, is essentially the same as the empirical value in current
use.

I. INTRODUCTION

The recent experiments of Davis' have set an
upper limit of 1.0 3NU on the neutrino flux from
the sun (1 SNU = 10 "captures per target atom per
sec), in sharp disagreement with the theoretical
prediction of 9 SNU, calculated by Bahcall and Ul-
rich. ' The rare termination of the p-P chain 'Be-
(P, y)'B(e' v)2o results in energetic neutrinos and
is calculated to contribute 7.3 SNU. It is therefore
important to have an accurate estimate of the rate
of this reaction in the solar interior. Very de-
tailed measurements of the cross section for
'Be(P, y)'B have been carried out by Kavanagh ef
aL' (see Barnes') at laboratory energies E~=0.165
to 10.0 MeV. A theoretical extrapolation to lomer
energies based on a calculation by Tombrello'
yielded a zero-energy cross-section factor' S(0)
of 0.034 keV b mhere, if 0' ls the cross section
and g~ the lab proton energy in MeV,

S(E~)= 0 87441eE~ exp. (3.9734E~ '")
for the 'Be(p, y)'B reaction. A calculation by
Aurdal'. similar to that of Tombrello gave S(0)
= 0.044 keV b, but the nem data of Kavanagh et al.
mere not used in that extrapolation. The value
S(0) =0.030 keV b actually adopted by Bahcall and

Ulrich2 is lomer than either of these, and is pre-
sumably the result of an empirical extrapolation.

Proton capture by 'Be involves the radiative
transition of a proton in a continuum state to the
2 ground state of 8, bound by 137.2keV. Only
dipole radiation is of importance at the energies
considered here. Because the spin and parity of
'Be are —,', capture from the s and d partial maves
leads to Fl radiation, and from the P mave, M1.
Higher partial maves cannot contribute to dipole
radiation; The calcul. ations of Tombrello' and
Aurdal' assumed that only s-mave capture mas sijgy'-

nificant. The present moik shoms that mhile this
is approximately true in the solar environment
(E~= 20 keV), it is not the case at laboratory ener-
gies, even as lorn as 150 keV. The small binding
energy of 'B xesults in a spatially extended mave
function, enhancing capture from the p and d par-
tial maves.

The total cx oss section for dipole capture in the
reaction A(a, y)B is

~, = (M/9)vE„'(ac} '(M.c'j2E.)'-"

x P (2s+1)-'(2Z„+1)-'~T~~',
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where E is the photon energy, and M, and E, are
the mass and lab energy of the incident particle.
Particles A, a, and B have total angular momenta

J» s, Ja, and projections M» m, M» respective-
ly. The electromagnetic transition matrix element
between initial and final states may be written

T~ =
& y(JaMs }I g f((i) ( y(~pe, sm, &, r)&,

mhere k and r are the relative wave vector and sep-
aration of particles A and a. The single-particle
operators t((i) describe electric or magnetic radi-
ation of multipolarity A, , polarization p, by the ith
nucleon. They have the standard forms, except
that reduced mass corrections must be made to
the electric dipole operator and the orbital part
of the magnetic dipole operator. s

The initial state wave function includes an in-
coming distorted wave which is an eigenfunetion
of the Schr6dinger equation for a proton moving
in the Coulomb and nuclear potential of A. A real
Vfoods-Saxon potential with a Thomas spin-orbit
term is assumed for the nuclear potential:

V(r)=V„f(r)-V ——Z, s,1 df-
"45.2 x dt'

r-R
f(r)= 1+exp

0

while the Coulomb potential is assumed to be that
of a uniform charged sphere of radius B.

Before considering the detailed firm of the dis-
torted waves, some discussion of the potentials
that generate them is in order. It is customary
to choose one potential for the bound state, so that
the correct separation energy results, and another
for the incident wave, to meet some other criteri-
on, such as lom-energy scattering properties.
This procedure leads to continuum wave functions
that are not necessarily orthogonal to the bound-
state wave function. If differing spin-angular func-
tions insure the orthogonality there is no serious
problem, but for magnetic dipole transitions, non-
orthogonality can lead to large values for transi-
tion probabilities which should be identically zero.
Thus, if the ground state of 'B were considered to

be a pure P,(, proton si.ngle-particle state, there
should be no capture from the p„, .partial wave.
That prohibition must be relaxed, however, in the
presence of a residual interaction, because it is
only the 2' coupling of a P3/2 proton to the 'Be wave
function which forms the '8 ground state. Other
couplings, 1+ and 3', are unbound and appear as
resonances in the (P, y) excitation function. This
effect may be taken into account in a phenomeno-
logical way by usirig a slightly different well depth
for the incoming wave depending on the total 4 for
the initial capturing state. The well depth for each
4 is adjusted to produce a resonance at the ob-
served energy. Furthermore, one may take a
more realistic view of the 'Be and 'B wave func-
tions by using a reliable she1.l-model calculation,
such as that of Cohen and Kurath. ' However, in
the spirit of'DWBA, no attempt is made to diago-
nalize in the space of continuum wave functions.
Thus one would not expect precise descriptions of
resonance properties, but accurate results off
resonance. It turns out that the resonances are
actually quite well approximated by this first-order
perturbation theory approach.

For the s mave, Tombrello' and Aurdal' have
both made use of the fact that 'Li exhibits a nega-
tive scattering length for lorn-energy neutrons.
They have interpreted this as arising from a sin-
gle-particle l =0 resonance in the optical potential,
and have adjusted the well depth to reproduce the
scattering length from either a 08 resonance'
(V„=-3.5 MeV) or a ls resonance' (V„=-45.3
MeV}. However, low energy n-eutron scattering
is strongly influenced by properties of the com-
pound nucleus, and it is not clear that the nega-
tive scattering length is due to a single-particle
"shape" resonance as opposed to a compound-nu-
cleus resonance. If the negative value is primarily
a compound-nucleus phenomenon, adjusting the
well depth to reproduce it is inappropriate in a
direct-reaction analysis. Accordingly, in the pres-
ent calculation the potential used for s$/2$ cf3/2p, '45/2j

and p„, waves is that which correctly reproduces
the center of gravity of p, /, states, as calculated
by Cohen and Kurath. ' The P,(, potential itself has
been further refined to simulate the residual inter-
action in the manner described above.

To permit a J dependence in the optical potential

the initial wave function is expanded as follows:

y(d„M„, sm, k, r)= P (4s/Or) P &Iswm~fM+m)&lsM'm'[fM'+m')&fZ„M+mM„~dM+m+m„&
JXNj

x&f Z„M'+m'M„'~dM'+m'+M„') y(Z„M„')y{sm')6 r" (g„y )rg (g„, y„))t„(k,r),

L+s=j, j+&~=J
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M+m+AfA =M'+nz'+M~ .

In this expression, g(Z„M„) and Q(sm) are intrinsic wave functions for the target and projectile, resp c-
tively, and ~~&(k, r) is the distorted-wave radial function, completely analogous in definition and normal-
ization to the X~+(k, r) defined by Satchler. " Making a fractional parentage expansion of states of B in
terms of those of A coupled to a single-particle state b of angular momentum j„one finds by straight-
forward angular momentum reduction that

g ~
T",~'=(4v/02)g(2g + I)(2g+1)

2
X P~ cJ t~ J~ g J Jj~j

+ & P~'f)os
&

&' J'
& &~nllZKII&~& (&jill ~l~li = j~ & "f(IZj, j,.k)+c c ). .

aan "~g~a~

A. j j~
&All 4 II j&

In this expression, @=0,1, . . . indexes the com-
plete set of states of A ('Be), 5=1, 2, . . . indexes
the single-particle states of the captured proton
in B (p„,or P», ), and P~ is the spectroscopic
amplitude connecting those states to the ground
state of B ('B). The isospin coupling coefficient
C =

& T„3Mr „M» -Mr J Ts M») is treated as a
factor in P~. The reduced matrix elements are
defined in the usual way. " Those of the type
&Z (~g t„)~J„)are evaluated between the (multipar-
ticle) states of A, while the second kind &j, ]) t~ i[j)
are between single-particle bound states j~ and con-
tinuum states j. The quantity I{I,Jj ~j k) is the over-
lap integral bebveen the incoming distorted wave

lt~~~ (k, r)//r and the radial wave function of the
bound j~ particle. Parity considerations dictate
that only the last sum in Eq. (1) can contribute to
E1 capture. If, furthermore, there is no J depen-
dence in the s and d wave optical potentials, the
summation over J ean be carried out, giving;

(.J =0, 2)

III. RESULTS AND DISCUSSION

Calculation of the bound and continuum radial
wave functions was carried out with the program
DvgUCK72 of Kunz, "and reduced matrix elements
of the second kind were evaluated with the program
EMSPME of Larson. " Optical-model parameters
used are listed in Table I. Nell depths for P»,

(4'= 1', 2', and 3') were chosen to give the ob
served bound-state and resonance energies. The
center of gravity of the p„, strength as calculated
from Cohen and Kurath's results' lies so close to
the 1' resonance that the same potential has been
used for 8 j d (, d ~, and P i partial waves,
which are insensitive to small changes in the well
depth.

Spectroscopic amplitudes P» and P» connecting
the ground states of 'Be and 'B by p, g2 and'P3, 2
transfer were taken to be -0.237 and 0.9884, re-
spectively. ' The total $= 1 strength has been veri-
fied experimentally in the 'Li(d, P)'Li reaction by
Schiffer et al. '~ The reduced magnetic moment of
'Be was estimated to be -1.713p,„from a shell-
model calculation by Hauge and Maripuu" and the
known moment of the mirror nucleus 'Li, using
the relation

p. {'Be) = p, ('Be,calc) + p, {'Li,calc) —p, ('Li) .
The remaining values of P~ and &J„~iQ t~ i) 8„)
were evaluated directly from Hauge and Maripuu's
wave functions; their net effect is small compared
to the ground-state term.

Figure 1 shows the unnormalized calculation
compared to the experimental data of Kavanagh
et a5. ,' both expressed in terms of the approxi-
mately energy-independent S(E) factor. To fit the
low-energy data between 165 and 500 keV it is nec-
essary to renormalize the calculation by a factor
of 1.266. This yields a low-energy cross-section
factor, evaluated at the Gamow peak (E~= 20 keV),
of

S(0.02) =0.031 keV b.
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TABLE I. Optical-model parameters used in the
Be(p &)8B calculation

I I I I I I I ) I I I I
I

Be(p, y) B

-V
R (MeV)

2+ 1+ 3+
(fm) (fm) ~ P 3/2 P 3/2 P 3/2 ~ $/p d3/2 d 5/2 P f/p

O.IO—
2.95 0.52 25 30.83 28.65 23.50

References 5 and 7.

28.65

This value is almost identical with the 0.030 keV b
used by Bahcall and Ulrich, ' and there is, there-
fore, no appreciable change in the predicted solar
neutrino flux from 'B decay, despite the revision
in the theoretical treatment. (Other effects, how-
ever, have recently been shown to reduce the neu-
trino capture rate. Lanfor:, . i and Wildenthal" have
found that the cross section for capture of 'B neu-
trinos by "Cl is 15% lower than previously thought,
and Qari and Huffman" have demonstrated that
mesonic effects in the P+P reaction depress the
total neutrino flux by 21%.)

To have confidence in the result, one should
examine the uncertainties in the model. The neg-
lect of many-body degrees of freedom is justified
because the capture at low energies (~200 keV)
takes place well outside the nuclear volume, with

the transition density peaking around 25 fm. Sec-
ondly, any reasonable prescription for the s-wave
potential, including that of Tombrello' or Aurdal, '
gives essentially the same results at low energies,
and that applies a fortiori to the d-wave potential.
When the cross sections are normalized at 200
keV, the potentials of Tombrello and Aurdal both

give S(0.02) = 0.029 keV b. The choice of potentials
is not a significant uncertainty in the extrapolation.
Third, the overestimated width of the 1+ resonance
is unimportant because p-wave capture is negligi-
ble at low energies in any case. Why, then, is a
27% renormalization required'P One possibility is
that the spectroscopic amplitudes P» and P» (cal-
culated by Cohen and Kurath') are too small, but
they are in fact quite close to the maximum set by
a pure-configuration limit, which requires that
P»'+ (P»/1. 15)' a 1. The 'Li(d, P)'Li experiments
of Schiffer et al. '~ also seem to preclude any in-
crease in these quantities. The most likely expla-
nation is the choice of optical-model parameters
for the bound-state wave function. Increasing the
radius to 3.33 fm and the diffuseness to 0.65 fm
(and readjusting the well depths accordingly) pro-
duces the required renormalization, affecting cap-
ture from all the partial waves in the same propor-
tion except in the region of a resonance. Such a
change in the radius parameters seems reasonable
for the weakly bound 'Be+P system. For these

0.05—

TOTAL

S WAVE ONLY

O I I I I 1 ~ ~ I I I I I I I

0.5
Ep(MeV)

I.O l.5

FIG. 1. Comparison between the experimental mea-
surements of the ~Be(p, y) B cross section by Kavanagh
etaL. and the theoretical calculation (smooth curves).
The calculation is shown here in absolute form, without
normalization to the data. The abscissa is the lab pro-
ton energy and the ordinate is the cross-section factor
as defined in the text.

reasons the renormalized extrapolation is thought

to be accurate. Taking into account the experimen-
tal uncertainty, it is unlikely that the low-energy
S factor is in error by more than 15%.

Also shown in Fig. 1 is the unnormalized contri-
bution from s-wave capture alone. In support of
the present choice of s-wave potential, it may be
remarked that the potentials used by Tombrello
and Aurdal give s-wave contributions similar at
low energies but as much as 50% larger at Z~
= 1.2 MeV.

Two final points are of interest. Exact agree-
ment with the results of Tombrello was obtained

(for s wave) when the calculations were repeated
with his parameters, but it has not been possible
to duplicate the results of Aurdal in the same way.
It would thus appear that some numerical error is
present in Aurdal's computations. The second
point relates to the mass of 'B: The extrapolation
is almost independent of the binding energy be-
cause, by chance, the dependence on E&' cancels
the dependence on the bound-state wave function
to a high order. Although the mass is believed to
be known to +1.2 keV, "even a change 10 times
that size would have no discernible effect on the

cross sections.
Note added in Proof: Private communications

from J. N. Bahcall and W. A. Lanford indicate
that Bahcall's estimate for the "Cl neutrino cap-
ture cross section" may be still the mast reliable.
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Generalized Brueckner-Hartree-Pock (BHF) and renormalized BHF (RBHF) calculations of
4He and ~SO have been performed. They are exact, including fully self-consistent single-par-
ticle energies and wave functions, except for the truncation of the expansion into oscillator
states and the assumption of spherical symmetry. The trends of earber approximate calcu-
lations essentially are confirmed.

I. INTRODUCTION

All Brueckner-Hartree-Fock (BHF) or renormal-
ized BHF (HBHF) calculations published so far'
use certain approximations. They do not fully
take into account the self-consistency of single-
particle (s.p. ) energies and wave functions, for
instance in. the Pauli projection operator of the
Bethe-GoMstone (BG) equation. They also omit
certain usually small (kinetic energy coupbng
and hole-hole ladder) terms which can be taken
into account without solving Bethe-Faddeev equa-

tions. In this paper the es version of the many-
body theory' ' will be used in the exact two-body
correlation approximation and applied in the cal-
culation of the binding energy (BE) and rms radi-
us (r') of 'He and "O. This is done for several
n Npotentials (always in-cluding the Coulomb inter-
action), with and without the small terms men-
tioned before, c.m. corrections (including the
exact one) and renormalization. From this, final
conclusions can be drawn whether or not the po-
tentials na/brothe restriction to two-body cor-
relations suffice to explain data, since everything
else is exact.


