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Astrophysical reaction rates for 10B„p,a…7Be and 11B„p,a…8Be from a direct model
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The reactions10B(p,a)7Be and11B(p,a)8Be are studied at thermonuclear energies using DWBA calcula-
tions. For both reactions, transitions to the ground states and first excited states are investigated. In the case
10B(p,a) 7Be, a resonance atEres510 keV can be consistently described in the potential model, thereby
allowing the extension of the astrophysicalS-factor data to very low energies. Strong interference with a
resonance at aboutEres5550 keV require a Breit-Wigner description of that resonance and the introduction of
an interference term for the reaction10B(p,a1)

7Be* . Two isospinT51 resonances~at Eres 15149 keV and
Eres 25619 keV! observed in the11B1p reactions necessitate Breit-Wigner resonance and interference terms to
fit the data of the11B(p,a)8Be reaction.S-factors and thermonuclear reaction rates are given for each reaction.
The present calculation is the first consistent parametrization for the transition to the ground states and fir
excited states at low energies.@S0556-2813~96!03305-6#

PACS number~s!: 25.40.Hs, 24.10.Eq, 26.20.1f, 28.52.Cx
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I. INTRODUCTION

The determination of the astrophysicalS factor of the
reaction10B(p,a)7Be at thermonuclear energies is importa
in several respects. In the search for advanced fusion rea
fuels the reaction11B1p→8Be1a→3a is discussed as
promising candidate for a relatively clean fusion fuel@1,2#.
However, natural boron contains 19.7%10B which produces
7Be contaminations via the10B(p,a)7Be reaction. There
fore, for a full understanding of the feasibility of boron as
fusion fuel one has to consider the rate for the latter reac
as well @3#.

The importance of the10B(p,a)7Be reaction in astro-
physical scenarios results from the fact that it is the domin
process for the destruction of10B. It was also claimed that i
could be usefully incorporated in explaining the abundan
of boron isotopes including the present theory of spalla
generation ofl elements@4,5#. Furthermore, in theoretica
investigations of primordial abundances of elements, its
has to be incorporated in the reaction networks employe
nucleosynthesis calculations for inhomogeneous big b
scenarios@6,7#.

Experimental results for the10B(p,a)7Be reaction at en-
ergies below 1 MeV are scarce. There have been mea
ments of the10B(p,a0)

7Be cross sections with sometime
inconsistent results in the energy ranges 220 keV,Ep, 480
keV @8#, 60 keV,Ep, 180 keV @9#, 70 keV,Ep, 205
keV @10#, and, more recently, 120 keV,Ep, 480 keV@4#.
However, these measurements do not extend very far into
region dominated by theJp55/21 resonance (Ex58.701
MeV in 11C @11#! which is of great importance for astrophy
ics. In our calculations we therefore focused on the desc
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tion of the resonance and the reproduction of the most rec
data @12–14# at very low energies. The only available data
measuring thea1 contribution to theS factor are given in
Ref. @15#.

The reaction11B(p,a) 8Be has been measured below 1
MeV @16,17# and most recently@14#. It should be noted that
the effect of electron screening@14# increases the very low
energy cross sections considerably and thus has a major
pact on a reaction’s significance as a terrestrial fusion fue

II. METHOD

It is commonly accepted that nuclear reactions for ene
gies above about 20 MeV mainly proceed via a dire
mechanism. For intermediate energies, however, distinct le
els of the compound system are populated, resulting in ma
cases in pronounced resonances in the excitation functio
For astrophysically relevant energies, typically sub-Coulom
energies of a few keV or tens of keV, compound mech
nisms are often very important. However, direct transition
can also be important at stellar energies. For example,
reactions of thepp chains in the Sun are known to be mainly
dominated by such direct mechanisms@18,19#. Recent theo-
retical investigations of a number of sub-Coulomb transf
reactions@20–24# have also shown that they can be de
scribed by a direct reaction potential model like the distorte
wave Born approximation~DWBA!. Although ‘‘direct reac-
tion’’ is often used synonymously with ‘‘nonresonant,’’ the

TABLE I. Spectroscopic factors for10B5t17Be.

J(7Be! Ex (
7Be!a P3/2 F5/2 F7/2

1/2 1.1 MeV 0.0136 0.0037
3/2 0.0 MeV 0.0812 0.0706 0.2571

aEx is the excitation energy calculated from the shell model@29#.
2496 © 1996 The American Physical Society
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TABLE II. Parameters of the optical and bound state potentials for the reaction10B(p,a) 7Be.

p110B Real part: single-folding potential
lp 5 1.326
r c 5 1.2 fma

Imaginary part: Woods-Saxon derivative potential
WD 5 215 keV, r D 5 1.5 fm,a aD 5 0.5 fma

a17Be Real part: double-folding potential
la 5 1.7

r c 5 1.69 fma

Imaginary part: Woods-Saxon volume potential
WV 5 24.6 MeV, r V 5 1.4 fm,a aV 5 0.52 fma

Bound state Double-folding potential
(t17Be! lb

r c 5 1.4 fma

aTaken from Ref.@45#.
bCalculated for the different separation energies corresponding to the different states of7Be @47# ~see text for
more information!.
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same potentials that describe the direct mechanism can g
rise to resonances corresponding to energy levels in
projectile-target system. Such potential resonances are v
broad at energies above the Coulomb barrier and do not a
cross sections significantly within several keV~or even a few
MeV!. However, due to the Coulomb barrier they becom
small at low energies, with typical widths of a few keV. A
DWBA description of a resonance structure at thermonucl
energies of a three-nucleon transfer reaction is given in@24#.
In the sub-Coulomb energy range of (p,a) reactions the
DWBA method has previously only been used to analy
nonresonant parts of the excitation functions@21,22#. We
want to emphasize, though, that it is possible to reprodu
resonance features in a DWBA calculation.

For the results in this paper we utilized the zero-ran
DWBA code TETRA @25#. The differential cross section for
the transfer reactiona1A→b1B with a2x5b, A1x5B
ive
the
ery
lter

e

ar

e
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e

~stripping! using light projectiles and ejectiles~for a<4 and
x51 or x53) is given in zero-range DWBA by@26,27#

ds

dV
5

mamb

~2p\2!2
kb

ka

2JB11

2JA11(l s j C
2S l jN

s l s j~q!

2s11
~1!

with the usual zero-range normalization consta
N51/2aD0

255.123105 @28#. The spectroscopic factors
S l j relevant for our calculations were taken from@29#.

Important for the success of our potential model is the fa
that the input data for the optical potentials can be tak
from realistic models, i.e., from semimicroscopic or micro
scopic formalisms such as the folding-potential model, t
resonating group method~RGM!, or the generator coordinate
method~GCM!. In this respect the potential model combine
the first-principles approach of a microscopic theory with th
flexibility of a phenomenological method.
e
les
FIG. 1. S-factor data of the reaction
10B(p,a0)

7Be in the rangeEc.m.<0.04 MeV. The
curve is the result of the DWBA calculation. Th
experimental data are represented by triang
@14# and by squares@13#.
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FIG. 2. S-factor data of the reaction
10B(p,a0)

7Be in the range 0.04<Ec.m.<0.15
MeV. The curve is the result of the DWBA cal-
culation. The experimental data are represente
by triangles@14# and by squares@13#.
,

it-

of
In this work we used the method of the folding potentia
@23,30# to obtain the optical potentials in the entrance an
exit channel as well as the potential for the bound state. T
folding potential is given by@23#

UF~r !5lE drAE drarA~rA!ra~ra!

3V~E,rA ,ra ,s5ur1ra2rAu!. ~2!

In this expressionr is the separation of the centers of mass o
the two nuclei in the channel,ra andrA are the respective
nucleon densities andl is the adjustable strength factor. The
factor l differs slightly from the value of 1 because it ac
counts for the effects of antisymmetrization and the Pau
principle. The effectiveNN interactionV for the folding pro-
cedure was of the DDM3Y type@31# and the density distri-
l
d
he

f

-
li

butions were taken from Ref.@32# unless noted otherwise.
For the bound state potentialsl is fixed, since the known
binding energy of the transferred particlex, a triton, in 10B
or 11B, respectively, has to be reproduced.

While the resonant cross section~or S factor! of
10B(p,a0)

7Be can be reproduced well by the DWBA alone
an interfering resonance in10B(p,a1)

7Be* and—due to
their unnatural parity—the resonances in11B(p,a)8Be have
to be treated explicitly assuming, e.g., single-level Bre
Wigner expressions~see Sec. III B!.

III. RESULTS FOR 10B„p,a…7Be

A. The reaction 10B„p,a0…
7Be

At high energies the transition to the ground state
7Be (Q51.15 MeV @33#, binding energyEbind518.67 MeV
.

FIG. 3. S-factor data of the reaction
10B(p,a1)

7Be* in the energy rangeEc.m.<0.2
MeV. The experimental data are taken from Ref
@15#. Shown are the DWBA contribution~dotted!,
the Breit-Wigner contribution~dashed!, and the
sum of the DWBA, Breit-Wigner, and interfer-
ence term~solid!.
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@34# of the triton in the10B nucleus! was previously analyzed
by means of the DWBA method@35#. For the transition to
the first excited state at sub-Coulomb energies, there
only been a simplified DWBA calculation of the direct rea
tion contribution to the cross section which considered o
the Coulomb potential@36#. To our knowledge, no calcula
tion of the contribution of the transition to the ground state
sub-Coulomb energies has been performed so far.

The spectroscopic factorsS l j are listed in Table I. For
the calculation of the folding potential in thea- 7Be channel
as well as for the bound state (t- 7Be! the density distribution
of 7Li @32# was used instead of the unknown distribution
7Be.
In our calculation, the strength factorl for the optical

potential in the proton channel was adjusted in such a w
that the phase shift of the opticals wave at the resonanc

TABLE III. Reaction rateNA^sv& of the reaction10B(p,a)
7Be in cm3 s21 mol21. The rate calculated with DWBA for bare
nuclei is compared to values given in previous work.

Temperaturea Caughlanet al.b Youn et al.c This work

0.002 0.209310228 0.494310226

0.004 0.496310220 0.175310217

0.006 0.561310216 0.208310213

0.008 0.200310213 0.630310211

0.010 0.129310211 0.16731029 0.32331029

0.012 0.310310210 0.31931028 0.60731028

0.014 0.39131029 0.32631027 0.60531027

0.016 0.31531028 0.21731026 0.39331026

0.018 0.18431027 0.10731025 0.18831025

0.020 0.83631027 0.41631025 0.71631025

0.025 0.17331025 0.61731024 0.10231023

0.030 0.17431024 0.47131023 0.75431023

0.035 0.10931023 0.36931022

0.040 0.49531023 0.88031022 0.13631021

0.045 0.17731022 0.40631021

0.050 0.53031022 0.68731021 0.1043100

0.060 0.32131021 0.3243100 0.4843100

0.070 0.1353100 0.1103101 0.1643101

0.080 0.4373100 0.3013101 0.4483101

0.090 0.1183101 0.7003101 0.1043102

0.100 0.2773101 0.1443102 0.2143102

0.120 0.1123102 0.4683102 0.7003102

0.140 0.3413102 0.1193103 0.1793103

0.160 0.8503102 0.2543103 0.3873103

0.180 0.1833103 0.4813103 0.7393103

0.200 0.3543103 0.8313103 0.1293104

0.300 0.3553104 0.5523104 0.8993104

0.400 0.1493105 0.1793105 0.3023105

0.500 0.4123105 0.4153105 0.7073105

0.600 0.8913105 0.8143105 0.1343106

0.700 0.1653106 0.1453106 0.2193106

0.800 0.2763106 0.2403106 0.3243106

0.900 0.4303106 0.3793106 0.4423106

1.000 0.6343106 0.5713106 0.5703106

aGiven in 109 K.
bCalculated with the parametrization given in Refs.@39,40#.
cHere we cite Ref.@4#.
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energy Eres50.01 MeV wasp/2, thereby producing the
s-wave resonance previously suggested@4#. The value ofl
in the alpha channel remained an open parameter since
are no elastic scattering data available for the unsta
nucleus7Be. The imaginary part of the potential in the pr
ton channel is very small because there are no other chan
open at these low energies besides the (p,g) and (p,a)
channels. The complete set of optical parameters is give
Table II.

For the transition to the first excited state of7Be*
(Q50.72 MeV! the optical potential in the proton chann
stays the same as for the ground state transition. We
assume that the potential for7Be*1a1 can, to first order, be
approximated by the potential for7Be1a0 .

For 10B(p,a0)
7Be the resultingS factors in the energy

rangeEc.m.<150 keV are shown in Figs. 1 and 2. The e
perimental results@14# are well reproduced with the reso
nance width being about 15 keV, in agreement with oth
measurements@11,33#. It should be noted that the calculate
energy dependence of theS factor is only valid for bare
nuclei. Due to electron screening, measurements to e
lower energies would not show the same Breit-Wigner-l
shape. The deviation of the experimental data at the
lowest measured energies in Fig. 1 is already due to scr
ing effects @14#. The calculated differential cross section
show the same isotropic behaviour as can be seen in the
of Ref. @13#.

B. The reaction 10B„p,a1…
7Be*

Using the same approach as described above we also
culated the cross sections for the transition to the first exc
state at energiesEc.m.<150 keV. Interference effects with
other resonances~especially a broad 5/21 level at about 550
keV! were reported in@11# at slightly higher projectile ener
gies. In order to successfully reproduce the experimental d
@15# while keeping unchanged all of the parameters enter
the DWBA computation, we had to include that 5/21 level
in our calculation. This was achieved by a single-level Bre
Wigner fit to the level at 550 keV and by finally calculatin
a total cross section~or S factor, respectively! from the in-
terference of the Breit-Wigner and the DWBA contribution

The single-level Breit-Wigner formula is given by@37#

s~E!5p|2
2JR11

~2Jp11!~2JB11!

3
Gp~E!lGa

~E2ER!21@Gtot~E!/2#2
. ~3!

The quantitiesJR , Jp , andJB denote the total angular mo
mentum of the resonance, of the incoming proton and of
10B target nucleus, respectively,Gp(E) l is the energy depen
dent proton partial width of the resonance with orbital ang
lar momentuml , Ga is the energy independent alpha part
width, andG tot(E) is the total width of the resonance a
given by

G tot~E!5Gp~E! l1Ga . ~4!

Gg would be small and is neglected here. Due to the posi
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FIG. 4. Ratio of the reaction rate of
10B(p,a)7Be obtained in this work to rate values
from Refs.@39,40#.
d
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Q value it is sufficient to consider the energy dependence
only the proton partial widthGp . This energy dependence
can be described by@37#

Gp~E! l5
2\

Rn
S 2Em D 1/2Pl~E,Rn!u l

2 , ~5!

with the penetrability

Pl~E,Rn!5
1

F~E,Rn!
21G~E,Rn!

2 ~6!

given in terms of the regular and irregular Coulomb wav
functionsF andG and the nuclear radiusRn . For simplicity,
Rn will be derived here from the Coulomb charge radiu
~light ion convention!:

Rn5r cAB
1/3. ~7!

The dimensionless quantityu l is the reduced proton width.
The available experimental data@11,15# were not suffi-

cient to yield an unambiguous fit within our calculation. A
small alpha width leads to a larger proton width and vic
versa. For example, with a resonance energy ofEres5560
keV we obtain the following pairs of alpha partial width an
proton reduced width: Ga50.1 keV, u l50.49, and
Ga5500.0 keV,u l50.01. We were not able to distinguish
between the different sets in our chi square fit.~However, the
resonant (p,g) cross section@11# seems to favor a large
reduced width for the proton channel if the gamma width
assumed to be small.!

Finally, we can write the energy dependentS factor as

TABLE IV. Spectroscopic factors for11B5t18Be.

J(8Be! Ex (
8Be!a P1/2 P3/2 F5/2 F7/2

0 0.0 MeV 0.2632
2 3.4 MeV 0.0001 0.4669 0.0618 0.0577

aEx is the excitation energy calculated from the shell model@29#.
of

e

s

e

is

Stot,a1~E!5SDWBA~E!1SBW~E!

22@SDWBA~E!SBW~E!#1/2cosd. ~8!

The phase shiftd is given by@38#

d5arctanS 2~E2ER!

G tot~E! D2
p

2
. ~9!

The totalS factors and the DWBA and Breit-Wigner con-
tributions are shown in Fig. 3. Although the experimental
data @15# are quite well reproduced at higher energies, the
agreement slightly worsens toward lower energies. The ex
periment seems to give a larger value for the width of the 10
keV resonance. This is caused by the assumption that th
imaginary part of the optical potential in the proton channe
is the same as for the transition to the ground state of7Be.

TABLE V. Parameters of the optical and bound state potentials
for the reaction11B(p,a)8Be.

p111B Real part: single-folding potential
lp 5 0.81

r c 5 1.29 fma

a18Be Real part: double-folding potential
la 5 1.21

r c 5 1.55 fma,b

Imaginary part: Wood-Saxon volume potential
WV 5 23 MeV, r V 5 1.75 fm,a,b aV 5 0.65 fma,b

Bound state Double-folding potential
(t18Be! lc

r c 5 1.5 fma,b

aTaken from Ref.@45#.
bAveraged~see text!.
cCalculated for the different separation energies corresponding t
the different states of8Be @47# ~see text for more information!.



c

s
a

e
t

t

l
t

n

i

r-
to

nd
-

ly
b-

l-
e
el

53 2501ASTROPHYSICAL REACTION RATES FOR . . .
Actually, the imaginary part for thea1 transition should be
slightly larger because more flux is going into thea0 channel
than into the relatively smalla1 channel which is included in
the imaginary part used for the ground state transition. W
a larger imaginary part the resonance width is increased. T
result is very sensitive to the depth of the imaginary opti
potential; with an increase by only 50 keV the resonan
structure is already flattened out completely. However,
order to get an upper limit on the contribution of this tran
tion to the totalS factor we used the same optical potential
for the ground state transition.

The thermonuclear reaction rateNA^sv& is given in Table
III, where NA is the Avogadro constant and the bracket
quantity is the velocity averaged product of the cross sec
and the relative velocity of the interacting particles@37#. In
Fig. 4 the ratio of the resulting rate at low temperatures to
rate given in Ref.@39# is shown. This rate remained un
changed in a more recent compilation@40# of reaction rates.
Since theEres50.01 MeV resonance was not taken into a
count in@39#, its rates differ considerably from our new va
ues in the corresponding temperature region. Our calcula
shows that the contribution of the reaction10B(p,a1)

7Be*
is less than 1023 of the rate for the ground state transitio
and that the compiled rates have to be revised.

IV. THE REACTIONS 11B„p,a0…
8Be AND 11B„p,a1…

8Be*

A. Available data

Cross sections for this reaction were measured in R
@17# (a0 as well asa1) and recently to even lower energie
in Ref. @14# ~sum ofa0 anda1). In the latter case, thea0
S factor amounted to only about 1% of thea1 value at en-
ergies below 500 keV. The reaction can proceed either v
direct 3a breakup, or via a sequential decay involving th
states of 8Be. It was demonstrated in@17# that the direct
3a breakup makes no significant contribution~less than 5%!
to the total cross section at all the energies investiga
ith
his
al
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in
i-
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(Ec.m.522–1100 keV!. It is therefore justified to describe the
reaction in terms of a quasistable8Be nucleus interacting
with ana particle.

The S factor of 11B(p,a1)
8Be* is dominated by two

T51 resonances atEc.m.5149 keV (Jp521, orbital angular
momentuml R51) and atEc.m.5619 keV (Jp522, l R50)
@33# in the 12C compound system. Due to its unnatural pa
ity, theEc.m.5619 keV resonance would not be expected
contribute to theS factor of the 11B(p,a0)

8Be reaction. In
Ref. @33# the two resonances are quoted as pureT51. With-
out at least a small admixture ofT50, however, these reso-
nances could not decay into the8Be1 a channel. The con-
cept of isospin mixing has been thoroughly investigated a
understood for the 11 states; experiments with pion scatter
ing @41,42# show that several excited12C states exhibit quite
considerable mixing. The two states in question would on
be weakly excited in pion scattering and have not been o
served, but it is plausible that all high-lying12C states are
isospin mixed@43#.

Within the simple approach adopted here, the DWBA ca
culation (T50) gives the nonresonant contribution. Th
mostly T51 resonances are reproduced by single-lev
Breit-Wigner terms, and theT50 admixture of the 619 keV

TABLE VI. Results of the Breit-Wigner fits for the reaction
11B(p,a)8Be.

Reaction Resonance 1 Resonance 2

11B(p,a0)
8Be up

250.017
Ga55.5 keV

11B(p,a1)
8Be* up

250.570 up
250.604

Ga55.7 keV Ga5296.5 keV

Ec.m.5148.5 keVa Ec.m.5660 keV

aNo fit parameter; value was taken from Ref.@33#.
,
ta
FIG. 5. S-factor data of the reactions
11B(p,a1)

8Be* and 11B(p,a0)
8Be. Dashed

curves, nonresonant contribution~DWBA!; solid
curves, contribution from the sum of DWBA
Breit-Wigner, and interference terms. The da
are taken from Refs.@17# ~triangles! and @14#
~circles!.
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2502 53T. RAUSCHER AND G. RAIMANN
resonance (l R50) interferes with the mostlyl50 direct part.
The isospin mixing is accounted for implicitly in the Brei
Wigner approach via the decay width into thea channel.

Lacking an appropriate representation for the direct c
tribution, Ref.@17# gives only a polynomial fit of theS fac-
tor. In Ref. @14#, the direct, nonresonant contribution is a
sumed to be energy independent, and the same formalis
a Breit-Wigner term plus an interference term is employed
describe the cross section. In this work, the determination
the direct contribution is based on a more basic calculat
and the transition to the ground state is described with
same set of parameters.

B. The calculation

TheQ value of this process isQ58.59 MeV@33#, and the
binding energy isEbind511.22 MeV@34#; the spectroscopic
factorsS l j @29# including all constants are listed in Tabl
IV.

The calculation was performed using a8Be density dis-
tribution that was chosen@44# so that folding it with the
triton density would reproduce the11B distribution. The
strength parameterla51.21 is fairly close to the preliminary
result obtained for the triple-alpha reaction@44#.

The strength factorlp in the proton channel was kept as
free parameter, since there are no low energy elastic sca
ing data available suited for an optical potential fit. Diffe
ential cross sections measured at one angle@17# confirm that
elastic scattering below 400 keV in the center of mass
consistent with the Rutherford scattering law.

Due to the low energy in the proton channel both t
imaginary potential and a real spin-orbit term can be n
glected. In the alpha channel, a nonzero Woods-Sa
imaginary part was used~the geometry parameters wer
roughly averaged between those fora- 7Li and a- 9Be, both
taken from Ref.@45#!. The complete set of optical paramete
is given in Table V. In first order, the optical potentials a
assumed to be identical for the reactions to the8Be ground
state and to the first excited state.

Similarly to the approach for10B(p,a1)
7Be* , a sum of

Breit-Wigner terms and an interference term was used. T
total S factor for the reaction to the first excited state
8Be* consists of the contributions by both resonanc
@Sres 1(E) and Sres 2(E) at Ec.m.5149 keV andEc.m.5619
keV, with orbital angular momental R51 andl R50, respec-
tively#, the nonresonant contributionSNR as calculated by the
DWBA, and an interference term@14,38#:

Stot,a1~E!5Sres 1~E!1Sres 2~E!1SNR~E!

22@SNR~E!Sres 2~E!#1/2cosd. ~10!

Each resonance is described by a single-level Breit-Wig
term @Eq. ~3!# with a fixeda partial widthGa and an energy
dependent proton partial widthGp(E) expressed in terms o
the penetrabilityPl(E) and the reduced proton widthup .
The phase shiftd is given by Eq.~9!.

The interference term is between the nonresonant com
nent and theT50 fraction of the 619 keV resonance whic
is determined by the Breit-Wigner fit. There is no interfe
ence with the 149 keV resonance since it hasl R51.
n-

-
of

to
of
on
he

a
ter-
-

is

e
e-
on

s
e

he
f
es

er

po-

r-

The totalS factor for the reaction to the8Be ground state
consists of only theS-factor contributions of the lower en-
ergy resonance (l R51) and the nonresonant term as calcu
lated by the DWBA.

For a value oflp almost identical to the one used for
10B(p,a)7Be, the Breit-Wigner terms~including the energy
dependent proton partial width! were fitted to the experimen-
tal data of Refs.@14,17#. The values ofup , Ga , andEres 2
resulting from the fit are listed in Table VI.

C. Results

The resultingS-factor curves are shown in Fig. 5. The
dashed lines represent the nonresonant contribution of
DWBA, while the full lines include the Breit-Wigner reso-
nances. In the absence of an interference term for the re
tion to the 8Be ground state, the DWBA alone reproduce

TABLE VII. Reaction ratesNA^sv& of the reaction11B(p,a)
8Be* in cm3 s21 mol21. The rate calculated with DWBA is com-
pared to values given in previous work.

Temperaturea Caughlanet al.b This work

0.002 0.284310227 0.197310231

0.004 0.715310219 0.281310219

0.006 0.834310215 0.613310215

0.008 0.303310212 0.383310212

0.010 0.200310210 0.255310210

0.012 0.48631029 0.56331029

0.014 0.61831028 0.70231028

0.016 0.50431027 0.58231027

0.018 0.29631026 0.34931026

0.020 0.13631025 0.16231025

0.025 0.28631024 0.34531024

0.030 0.29131023 0.35331023

0.035 0.18531022 0.22631022

0.040 0.84931022 0.10431021

0.045 0.30731021 0.37731021

0.050 0.92731021 0.1143100

0.060 0.5713100 0.7083100

0.070 0.2443101 0.3043101

0.080 0.8083101 0.1023102

0.090 0.2263102 0.2863102

0.100 0.5583102 0.7113102

0.120 0.2673103 0.3393103

0.140 0.9903103 0.1233104

0.160 0.2933104 0.3583104

0.180 0.7173104 0.8643104

0.200 0.1503105 0.1803105

0.300 0.1533106 0.1873106

0.400 0.5523106 0.7113106

0.500 0.1383107 0.1833107

0.600 0.2983107 0.3813107

0.700 0.5883107 0.6893107

0.800 0.1063108 0.1123108

0.900 0.1743108 0.1673108

1.000 0.2643108 0.2333108

aGiven in 109 K.
bHere we cite Ref.@40#.
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the trend of the data points outside the resonance region.
the reaction to the first excited state of8Be, the DWBA
curve is in good overall agreement with the ad-hoc assum
tion of a direct, non-resonant contribution made in Ref.@14#,
with the exception of a decrease ofSNR with increasing en-
ergy. Note the pronounced enhancement of the low ene
data points due to the effect of electron screening@14#.

Due to the strong contribution of interference effects
the a1 S factor, one cannot hope to describe the angu
distributions with the DWBA. For thea0 S factor, however,
such a description seems to be reasonable outside the r
nance. In Ref.@14# no differential cross sections were mea
sured. In Ref.@17# a few angular distribution curves are
available, but they tend to disagree with measurements p
ently carried out@46#. The DWBA calculations favor Ref.
@46#, but the exact shape of the angular distributions depe
crucially on the valuelp of the proton-

11B folding potential.
The reaction rateNA^sv& of 11B(p,a1)

8Be* is listed in
Table VII and compared to the values obtained from t
parametrization given in Ref.@40# ~here, the contribution of
the reaction 11B(p,a0)

8Be is neglected since it is abou
1022 of the rate for the transition to the first excited state!.
There is a slight enhancement of the rate at low temperatu
due to the better description of the resonances and the di
contribution.

V. CONCLUSION

The reactions10B(p,a)7Be and 11B(p,a)8Be are de-
scribed well by the DWBA calculations. In the case o
10B(p,a0)

7Be, we were able to reproduce the resonan
structure in a consistent way within our potential model th
suggesting that it can be regarded as a potential resona
The influence of the resonance on the reaction rate can
seen very clearly in Fig. 4~a fairly constantS factor was
For
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rgy

to
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eso-
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es-

nd

e

t

res
rect

f
ce
us
nce.
be

assumed in Ref.@40# at low energies!. This clearly demon-
strates that extrapolations from higher energies have to
done very carefully to include the correct shape of the res
nance.

For the transition to the first excited state in7Be the in-
terference effects with a 5/21 level at about 550 keV have to
be taken into account. This was achieved by including
Breit-Wigner term describing the resonance at 550 keV a
an interference term between the DWBA and Breit-Wigne
contributions. However, the cross sections of thea1 transi-
tion are lower by several orders of magnitude than those
thea0 transition and therefore it does not contribute signifi
cantly to the final reaction rate.

In the case of11B(p,a)8Be the inclusion of an interfer-
ence term between single-level Breit-Wigner and DWBA
also reproduces the data acceptably well. Systematic stud
at higher energies are being carried out at present@44#.
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