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9Be„p¢ ,d…8Be and 9Be„p¢ ,a…

6Li reactions at low energies
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Angular distributions of cross section and vector analyzing power have been measured for the9Be(pW ,d)8Be

and 9Be(pW ,a)6Li reactions for 77<Ep<321 keV. Previous work has suggested that the low-energy cross
section is enhanced by theEx56.57 MeV subthreshold level in10B. The analyzing power measurements are
particularly sensitive to the presence of the subthreshold level, leading to a definitive test of the hypothesis. The
data are analyzed in terms ofR-matrix and direct reaction calculations. We find that the magnitude and angular
distribution of the9Be(p,d)8Be reaction at very low energies can be explained by the direct reaction mecha-
nism without any contribution from the subthreshold resonance. The implications of these results for the stellar
reaction rate of the9Be(p,d)8Be and9Be(p,a)6Li reactions are discussed.@S0556-2813~98!06406-1#

PACS number~s!: 26.35.1c, 24.50.1q, 24.70.1s, 27.20.1n
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I. INTRODUCTION

The Be abundance in low-metallicity stars is an import
probe of cosmic-ray and big-bang nucleosynthesis@1#. The
abundances observed in these and other types of stars
provide important tests of galactic evolution and stel
structure models@2#. Beryllium has been observed at th
level of 10213&n(9Be)/n(H)&10210 in many stars, a leve
consistent with models in which9Be is produced via colli-
sions ofp anda cosmic rays with CNO nuclei@3#. Further-
more, it has been established that the Be abundance obs
in some stars is more than an order of magnitude lower t
that seen in other stars expected to have the same quant
Be produced by cosmic rays. This observation is taken to
evidence for Be depletion by thermonuclear reactions@1#. As
discussed in Refs.@4,5#, Be depletion mechanisms must b
well understood in order to differentiate between cosmic-
and big-bang production models. The depletion of Be res
from the mixing of material from the stellar surface wi
material from interior regions where the temperature is s
ficient for the9Be(p,d)8Be and9Be(p,a)6Li reactions to be
effective (*3.53106 K!. Thus, in order to make quantitativ
calculations of the9Be depletion, the cross sections for the
reactions must be known at stellar energies.

In addition, the9Be(p,d)8Be and9Be(p,a)6Li reactions
are important for determining the amount of9Be produced
by primordial nucleosynthesis. While the standard big-ba
model @6# predicts very little9Be production@n(9Be)/n(H)
;10218#, some big-bang models which include baryon inh
mogeneities predict significantly greater9Be production
@7,8#, possibly at a level observable with present technolo
n(9Be)/n(H);10213.

Finally, we note that these reactions may have appl
tions in advanced fusion reactors, such as discussed in R
@9,10#.

A previous measurement@11# of the 9Be(p,d)8Be (Q
50.56 MeV! and 9Be(p,a)6Li ( Q52.13 MeV! reactions
found the low-energy cross section in both reaction chan
to be dominated by a broad (Gc.m.'120 keV! s-wave Jp

512 resonance atEp5330 keV. At energies below the 12
570556-2813/98/57~6!/3437~10!/$15.00
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resonance, the angular distribution of deuterons was
served to be highly anisotropic aboutuc.m.590°. In order to
explain this anisotropy, a significant but very uncertain co
tribution to the cross section was attributed to an oppos
parity subthreshold state. This uncertainty is reflected in
estimatedS(0) value~summed over both reaction channe!
of 35215

145 MeV b @11#. TheS(0) value essentially determine
the reaction rate, as the effective energy for this reaction
stellar temperatures is;7 keV. The existence of a state a
6.57-MeV excitation in 10B ~20 keV below the 9Be1p
threshold! has been established by many experiments,
spin and parity determinations have not been in good ag
ment.

The high-intensity low-energy polarized proton bea
available at Triangle Universities Nuclear Laboratory mak
it possible to test the assumed reaction mechanism. The
lyzing power for reactions induced by polarized protons
cident on 9Be is predicted to be large, if the subthresho
state has positive parity, and makes a significant contribu
to the total cross section~i.e., if the previously reported
analysis@11# is correct!.

This paper describes measurements of the angular d
butions of cross section and vector analyzing power for
9Be(p,d)8Be and9Be(p,a)6Li reactions. The data are ana
lyzed in terms ofR-matrix and direct reaction models. Th
implications of these results for the9Be(p,d)8Be and
9Be(p,a)6Li thermonuclear reaction rates are discussed.

II. EXPERIMENTAL PROCEDURES

Measurements of the angular distributions of cross sec
and vector analyzing power for the9Be(pW ,d)8Be and
9Be(pW ,a)6Li reactions were carried out using the low
energy beam facility at the Triangle Universities Nucle
Laboratory, as described below.

A. Beam

Beams of 80-keV polarized and unpolarized1H2 and
1H1 ions were produced by an atomic-beam-polarized
3437 © 1998 The American Physical Society
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3438 57BRUNE, GEIST, KARWOWSKI, LUDWIG, AND VEAL
source@12#. For on-target proton energies greater than
keV, the 1H2 beam from the source was directed to t
minitandem accelerator@13#, where it was accelerated to th
positive terminal potential, underwent charge exchange
;2-mg/cm2 carbon foil, and was then further accelerated
1H1. For the on-target energy of 80 keV, the more-inten
1H1 beam from the source was used, the charge excha
foil was rotated out of the beam, and the minitandem ac
erator was grounded, so that the beam was transpo
through without further acceleration. Following the minita
dem, the beam was magnetically analyzed and directed
the 107-cm-diam scattering chamber@14#. Beam currents on
target varied between 10 nA and 3mA, depending on detec
tor count-rate requirements. For measurements withEp.80
keV, the energy calibration of the beam has been establis
to 61 keV, using the 240.0- and 340.5-keV resonances
19F(p,ag) and the 405.4- and 445.8-keV resonances
27Al( p,g). The resonance energies were taken from R
@15#.

For the polarized-proton-beam measurements withEp
.80 keV, the beam polarization was determined using
6Li( pW ,3He)4He reaction in a polarimeter at the rear of t
107-cm-diam scattering chamber as described in Ref.@16#.
For these measurements, the beam energy was set to g
mean proton energy of 321 keV, where the polarimete
well calibrated. The polarization of the1H1 beam used for
the Ep580 keV measurements was assumed to be the s
as that determined for the1H2 beam before and after th
positive beam measurements. The systematic error in
beam polarization is estimated to be65%, except for the
Ep580 keV measurement, for which we estimate67%.

A Wien filter downstream from the ion source was set
that the spin-quantization axis was vertical in the laborato
perpendicular to the scattering plane. The polarized-be
data were taken with two spin states, with polarizationsp1
('0.7) andp2 ('20.7). The desired hyperfine states
atomic hydrogen were cycled approximately every seco
This technique minimizes the effects of slow changes
beam position, target thickness, or amplifier gain on the m
sured analyzing powers.

B. Targets and detectors

The targets consisted of 10mg/cm2 of 9Be evaporated on
5-mg/cm2 carbon foils. The foils were supported on a ste
frame with a 0.8-cm-diam hole and positioned in the cen
of the scattering chamber. The proton beam lost betwee
and 10 keV in the9Be layer; the results reported here are
the mean proton energy in the target. The beam was c
mated to produce a 0.4 cm3 0.4 cm spot on the target.

The reaction products were detected using 100-mm-thick
Si surface barrier detectors. Sets of three detectors sepa
by 20° were placed on each side of the beam in the cham
each detector subtended a solid angle of'5 msr. For most
of the measurements, the detectors were covered with
mm Ni or 2-mm Mylar foils to stop or degrade the energy
the elastically scattered protons. A sample spectrum is sh
in Fig. 1. In some instances, no foils were used on the
tectors at backward angles, in order to allow6Li ions from
the 9Be(p,a)6Li reaction to be detected. For measureme
with 70°<u lab<110° the targets were rotated to 45° wi
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respect to the beam. In these cases, the beam loses 40%
energy in the target, leading to slightly lower mean ene
~no corrections were made for this effect, as it is estimate
be negligible!. Pulsers were inserted into the detector spec
to facilitate dead-time corrections, which were less than
in all measurements.

C. Measurements

Measurements of the angular distributions of cross sec
and vector analyzing power were carried out for seven
ferent incident energies, corresponding to mean proton e
gies in the target of 77, 147, 172, 197, 247, 297, and 3
keV.

The measurements of the angular distribution of the cr
section were carried out an using unpolarized beam. One
of detectors was used as a monitor, and was placed at l
ratory angles of 130°, 150°, and 170°. The other set of
tectors was mounted on a movable plate and covered
angular range of 15°<u lab<170° in 10° steps~a 5° step was
used at far-forward angles!.

The majority of the analyzing power measurements w
carried out with two sets of three detectors, with each
placed symmetrically on either side of the beam. The m
surements covered 15°<u lab<165° in 5° –15° steps.

III. RESULTS

A. Cross section measurements

The normalized yields of deuterons anda particles were
calculated using

W5Fi

Nd

Nmon
, ~1!

whereNd is the number of counts in the moving detecto
Nmon is the sum of deuteron anda-particle counts in the
150° and 170° monitor detectors~the 130° monitor was
blocked when the target was rotated 45°), and theFi factors
correct for the slightly different solid angles subtended
each detector. BothNd and Nmon were corrected for dead
time effects. TheFi factors for each detector were dete

FIG. 1. Charged-particle spectrum obtained atu lab5150°, with
a mean proton energy in the target of 197 keV. The deuteron
a-particle peaks are centered at channels 185 and 360, respect
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57 34399Be~pW,d!8Be AND 9Be~pW,a!6Li REACTIONS AT LOW . . .
mined by comparing the yields at overlapping angles. T
results were converted to the center-of-mass system, an
shown in Figs. 2 and 3, renormalized as described below

The cross section can be expanded in terms of Lege
polynomialsPl(cosuc.m.) using

FIG. 2. Sample cross section angular distributions for
9Be(p,d)8Be reaction. The experimental data are shown as cir
and the Legendre polynomial fits are given by the solid lines. If
shown, the error bars are smaller than the data points.

FIG. 3. Sample cross section angular distributions for
9Be(p,a)6Li reaction. The experimental data are shown as circ
and the Legendre polynomial fits are given by the solid lines. If
shown, the error bars are smaller than the data points.
e
are

re

W~uc.m.!5NWF11(
l 51

Na

al Pl~cosuc.m.!G , ~2!

whereNW is an overall normalization factor andNa is the
number of terms in the sum. The data were fit to Eq.~2!
usingNa52, as this assumption was sufficient to obtain
excellent fit to the data. When the angular distribution d
were fitted withNa53, the fitteda3 coefficients were not
statistically different from zero. The angular distribution da
and fits, renormalized so thatNW51, are shown in Figs. 2
and 3. The fittedal coefficients are shown in Figs. 4 and 5

B. Analyzing power measurements

The analyzing power measurements were taken using
spin states with polarizationsp1 andp2. The analyzing pow-
ersAy were determined from the measured yields using

Ay52
R21

p12Rp2
~3!

for the right detectors and

Ay5
L21

p12Lp2
~4!

for the left detectors, whereR5YR
1/YR

2 , L5YL
1/YL

2 , andYR
i

andYL
i are the yields of detected particles for spin statei in

the right and left detectors, respectively. The yields w
corrected for dead time and normalized by the number
incident particles~determined by beam-current integration!.
The values forAy found from the right and left detector

e
s
t

e
s
t

FIG. 4. The fittedal coefficients for the9Be(p,d)8Be reaction
~circles! and theR-matrix parametrization of Ref.@11# ~solid lines!.
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3440 57BRUNE, GEIST, KARWOWSKI, LUDWIG, AND VEAL
were identical within statistical errors, and an avera
weighted by the statistical errors was used to determine
final Ay values. The analyzing powers determined from
detected6Li particles were converted to thea-particle coor-
dinate system by reversing the sign of the analyzing po
and replacinguc.m. by 180°2uc.m.. The resultingAy values
are shown in Figs. 6 and 7.

The expansion for the angular dependence of the ana
ing power is given by@17#

Ay5
( l 51

Nb bl Pl
1~cosuc.m.!

11( l 51
Na al Pl~cosuc.m.!

, ~5!

where theal coefficients andNa are the same as in Eq.~2!,
the associated Legendre polynomialsPl

1(cosu) are defined
in Ref. @18#, and Nb is the number of associated Legend
polynomial terms included in the sum. The requiredal coef-
ficients were taken from the fits to the unpolarized angu
distribution data~Sec. III A!. The data were fit to Eq.~5!
using Nb53 for the 9Be(p,d)8Be reaction andNb52 for
the 9Be(p,a)6Li reaction, as these assumptions were su
cient to obtain an excellent fit to the data. When the (p,a)
data were fit usingNb53, the fittedb3 coefficients were not
statistically different from zero. The analyzing power da
and fits are shown in Figs. 6 and 7. The fittedbl coefficients
are shown in Figs. 8 and 9.

IV. ANALYSIS AND DISCUSSION

A. R-matrix calculations and the role
of the Ex56.57 MeV state

The low-energy cross section of the9Be(p,d)8Be and
9Be(p,a)6Li reactions will be significantly enhanced if th

FIG. 5. The fittedal coefficients for the9Be(p,a)6Li reaction
~circles! and theR-matrix parametrization of Ref.@11# ~solid lines!.
e
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subthreshold state atEx56.57 MeV has a spin and parit
which allow the state to be populated bys or p waves in the
9Be1p channel, and if the reduced widths are sufficien
large. Given the excitation energy and total width of th
state, its contribution to the total cross section will be neg
gible if l p>2 in the entrance channel, even for reduced p

FIG. 6. SampleAy distributions for the9Be(pW ,d)8Be reaction.
The experimental data are shown as circles and the Legendre
nomial fits are given by the solid lines.

FIG. 7. SampleAy distributions for the9Be(pW ,a)6Li reaction.
The experimental data are shown as circles and the Legendre
nomial fits are given by the solid lines.
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57 34419Be~pW,d!8Be AND 9Be~pW,a!6Li REACTIONS AT LOW . . .
FIG. 8. The fitted analyzing power coefficientsbl for the
9Be(pW ,d)8Be reaction~circles! and theR-matrix parametrization of
Ref. @11# ~solid lines!. If not shown, the errors bars are smaller th
the data points.

FIG. 9. The fitted analyzing power coefficientsbl for the
9Be(pW ,a)6Li reaction~circles! and theR-matrix parametrization of
Ref. @11# ~solid lines!. If not shown, the error bars are smaller th
the data points.
ton widths up to the single-particle limit, due to angula
momentum barrier considerations. In the work of Sierk a
Tombrello@11#, this state was assumed to have positive p
ity, and therefore could be formed byp waves in the en-
trance channel. The observed anisotropy in the low-ene
9Be(p,d)8Be cross section angular distribution could th
be explained by the presence of interferings- and p-wave
amplitudes.

There have been many other measurements of the s
troscopic properties of theEx56.57 MeV state of10B; un-
fortunately, as shown in Table I, there are a wide variety
spin and parity assignments. In addition to spin and pa
determinations, the two measurements of6Li( a,a) scatter-
ing have consistently determined the total widt
Gc.m.525.161.1 @19# andGc.m.52663 @20#. It is important
to note that the total width of this state provides some use
constraints on the assumed reduceda-particle and deuteron
widths.

In the relatively recent study of proton transfer reactio
by Bland and Fortune@21#, the authors attempt to fi
9Be(3He,d) and 9Be(d,n) data using distorted-wave Born
approximation calculations. They note that neither the
sumption ofl p51 or l p52 for the transferred proton orbita
angular momentum in populating the 6.57-MeV state p
vides a convincing fit to the data. However, the requirem
that the spectroscopic strength observed in the two react
should be self-consistent induced the authors to favorl p52.

An analysis of a-a angular correlations from
11B(3He,a)10B(a0)6Li determinedJ>3 from the complex-
ity of the angular dependence of the correlation@22#. In ad-
dition, the parity was tentatively determined to be negati
These results, if correct, would have important consequen
for the 9Be1p reactions, asJ>3 rules outs-wave formation
in the entrance channel, and negative parity rules outp-wave
formation.

The measurements of6Li( a,a) scattering@19,20# deter-
mined that the 6.57-MeV state is formed byl 53 a particles,
with Jp522 or 42 favored on the basis of the quality of fit
to the scattering data. These determinations ofJ must be
considered tentative, due to the simple form assumed for

TABLE I. Existing results for the spin and parity of theEx

56.57 MeV level of10B. Results from proton transfer reactions o
9Be provide information onl p , the orbital angular momentum o
the transferred proton. Results reported as tentative are indic
with parentheses.

Reaction Results Reference

9Be(p,d) and 9Be(p,a) p51 @11#
6Li( a,a) l a53 (Jp522 or 42) @19#
6Li( a,a) l a53 (Jp522 or 42) @20#
11B(3He,a)10B(a0)6Li J>3, (Jp532 or 42) @22#
10B(n,n8) p52 @38#
10B(p,p8) p52 @39#
9Be(d,n) l p51 @40#
9Be(d,n) ( l p53) @41#
9Be(d,n) l p51 or 2 @42#
9Be(3He,d) ( l p51) @43#
9Be(3He,d) ( l p52) @21#
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3442 57BRUNE, GEIST, KARWOWSKI, LUDWIG, AND VEAL
nonresonant amplitudes and the neglect of the deute
channel in the analyses.

Some further information on the spin and parity of th
state is provided by the recent measurement of10B(e,e8)
@23#. It was found that the measured electromagnetic fo
factors for this state were well reproduced by shell-mo
calculations which assumedJp542.

On the basis of these determinations, it seems most lik
that the 6.57-MeV state hasJp532 or 42. This assumption
is consistent with the majority of the results in Table I, and
only in conflict with the previous analysis of th
9Be(p,d)8Be and 9Be(p,a)6Li reactions@11# and some of
the early proton transfer analyses. However, due to the
certain situation outlined above, a definitive determination
Jp for this state would be most welcome.

The only analysis of the9Be(p,d)8Be and 9Be(p,a)6Li
reactions, however, assumedp51 for the 6.57 MeV level.
In Ref. @11#, the total and differential cross sections f
9Be(p,d)8Be and 9Be(p,a)6Li were fitted using an
R-matrix parametrization which included theEx56.57 MeV
subthreshold state.

The dominant features in the9Be(p,d)8Be and
9Be(p,a)6Li cross section data belowEc.m.5400 keV are
effects due to theJp512 level at Ec.m.5310 keV. The
asymmetry of the angular distribution aboutuc.m.590° and
the nonzero analyzing power indicate the presence ofl p51
components in the9Be(p,d)8Be reaction. Since a proto
(Jp5 1

2
1) and 9Be (Jp5 3

2
2) can couple to form five differ-

ent Jp values withl p<1, it is not possible to uniquely de
termine the role of each component from the available d
The R-matrix formalism does, however, provide a conv
nient means for assessing the role of the subthreshold s
If this level is formed with l p51 and contributes signifi-
cantly to the total cross section,R-matrix theory unambigu-
ously predicts that the differential cross section and ana
ing power will show large interference effects as this leve
approached at very low energies.

The R-matrix parameters found by Sierk and Tombre
@11# are given in Table II. The boundary-condition consta
are chosen so that the level shift vanishes at the energy o
resonance for each spin and parity.R-matrix theory@24# de-
scribes the energy dependence of the scattering matrix
ments. The total cross section and angular distribution c
ficients are calculated from the scattering matrix eleme
using formulas given in Ref.@24#. The relationship between
the analyzing power coefficients and the scattering ma
elements has been given by Welton@17#. Examples of
R-matrix calculations of analyzing power coefficients a
given in Refs.@25,26#.

In Figs. 4, 5, 8, 9, and 10 we show theS factor, angular
distribution coefficients, and analyzing power coefficien
calculated from theR-matrix parameters given in Table I
Note in particular Fig. 8, which shows that the analyzi
power coefficientb1 for the 9Be(pW ,d)8Be reaction is pre-
dicted to be very large at low energies, in contrast to
experimental data. The angular distribution coefficients c
culated in the present work are somewhat different th
those given in Ref.@11#; the origin of the discrepancy is no
understood.
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A new analysis has been performed, in order to see
new set of parameters could be found which simultaneou
fits the cross section and analyzing power data. The th
level parametrization of Ref.@11# was used as a startin
point. The resonance energy and reduced widths of theJp

512 level atEc.m.5310 keV are well determined~except for
the signs of the reduced widths! by the energy dependenc
and magnitude of the9Be(p,d)8Be and 9Be(p,a)6Li cross
sections near this resonance, and so the previously assu
parameters were used for this level. The properties of
higher-energy resonance atEc.m.5410 keV were found to
have a rather minor effect on the cross section and analy

FIG. 10. The 9Be(p,d)8Be S-factor data@11# ~circles!, com-
pared to to the calculation using theR-matrix parametrization of
Ref. @11# ~solid line!.

TABLE II. The R-matrix parameters reported by Sierk an
Tombrello@11,44#. The first two columns give the resonance ener
and Jp values of the resonances. The remaining columns give
reaction channel, interaction radiiac , orbital angular momentuml ,
the channel spins, and the reduced widthgc .

Ec.m. Channel ac gc

~MeV! Jp ~fm! l s ~MeV!

p 7.396 0 1 0.65
p 7.396 2 1 0.50

0.310 12 p 7.396 2 2 0.51
d 8.650 1 1 0.28
a 7.954 1 1 0.15

p 7.396 1 1 0.10
p 7.396 3 1 0.10

–0.010 21 p 7.396 1 2 0.11
p 7.396 3 2 0.11
d 8.650 2 1 0.50
a 7.954 2 1 20.05

p 7.396 1 1 0.60
p 7.396 1 2 20.61
p 7.396 3 2 0.20

0.410 11 d 8.650 0 1 0.40
d 8.650 2 1 1.00
a 7.954 0 1 0.20
a 7.954 2 1 0.01
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57 34439Be~pW,d!8Be AND 9Be~pW,a!6Li REACTIONS AT LOW . . .
power at very low energies, and so these parameters wer
varied during the analysis. In addition, thel p52 and l p53
reduced proton widths from Ref.@11# were left unchanged
for the same reason. This analysis differs from that of Si
and Tombrello@11# by the inclusion of analyzing powe
data, which places additional constraints on the reaction
plitudes. The analysis was carried out using different val
for the spin and parity of the 6.57-MeV level consistent w
l p51, as well as all possible combinations of signs for t
reduced widths of the 310-keV level. Thel p51 reduced pro-
ton widths and the reduced deuterons and alpha widths o
subthreshold level were varied, subject to the constraint
total width of this level be 26 keV. In agreement with Re
@11#, we found that it was possible to obtain a reasona
description of the total cross section and angular distribu
coefficients for several different parameter sets. Howeve
was not possible to also fit the analyzing power data w
these three-level parametrizations. We found that when
parameters were adjusted to fit the anisotropy in low-ene
angular distribution coefficients~primarily a1), the predicted
analyzing power was very large, in contrast to the exp
mental data (Ay,0.1 at the lowest energies!. If the parity
6.57-MeV level is allowed to be negative, it is not possible
describe either the cross section angular distribution or a
lyzing power data. We are thus led to conclude that the
isotropy in the low-energy angular distribution isnot due to
interference effects from the 6.57-MeV level.

B. Direct-reaction calculations

There have been several recent calculations which use
direct-reaction framework to describe low-energy proto
induced nuclear reactions. Direct-reaction studies of cr
section data only have been published for7Li( p,a)4He
@27,28#, 11B(p,a0)8Be @29#, and 19F(p,a0)16O @30#. These
nonresonant reactions appear to have been successfull
scribed using direct-reaction models. The predictive pow
of these models is not clear, however, since in general
results are quite sensitive to the adopted optical poten
and spectroscopic factors. Another difficulty with the dire
reaction models is the inclusion of resonant contributions
the reaction mechanism. In spite of these limitations, th
models appear to correctly describe the reaction mechan
in certain cases, and are particularly useful for extrapola
the measured cross sections to the extremely low ener
needed in astrophysical applications.

We have investigated the possibility that the dire
reaction mechanism is making a significant contribution
the 9Be(p,d)8Be cross section below theEp5330 keV reso-
nance. This mechanism is suggested by the large spe
scopic factor (S51.13) found previously@31# for the 8Be
1n configuration in 9Be. Furthermore, as a result of th
small 560-keVQ value for this reaction, both the incomin
and outgoing channels will be below the Coulomb barrier
very low incident energies. As discussed in Ref.@32# the
direct mechanism is selectively enhanced under these co
tions. The presence of the weakly bound neutron (EB
51.67 MeV! in 9Be also favors the direct-pickup process
very low energies, since the incoming proton can reac
larger radii where its wave function is less attenuated by
Coulomb barrier. It is also known that direct-transfer rea
not
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tions where both the incoming and outgoing channels
below the Coulomb barrier give rise to angular distributio
which are peaked at backward angles@32#. The direct-
reaction mechanism may thus provide a natural explana
for the observed anisotropy in the9Be(p,d)8Be differential
cross section at low energies, without requiring the prese
of an interfering subthreshold level. Another advantage
being below the Coulomb barrier is that the sensitivity to t
optical potentials is minimized, as the scattering waves
primarily determined by the point-Coulomb potentials.

The distorted-wave Born-approximation~DWBA! calcu-
lations were carried out using the computer codePTOLEMY

@33# which treats finite-range effects without approximatio
The 8Be1n bound-state potential and the elastic-scatter
potentials were taken to be of the form

V~r !52
VR

11exp@~r 2R0!/a0#

2
4iWSexp@~r 2RI !/aI #

$11exp@~r 2RI !/aI #%
2

1VC~r !, ~6!

whereR05r 0A1/3, RI5r IA
1/3, VC(r ) is the Coulomb poten-

tial resulting from a uniformly charged sphere of radiusRC
5r CA1/3, and A is the target mass number. The adopt
parameters are given in Table III. The9Be1p potential pa-
rameters were taken from Ref.@34#, which fit the elastic
scattering of protons by9Be at higher energies. For obviou
reasons there are no data for the elastic scattering of de
ons by8Be; we used a potential found from fitting the elas
scattering of deuterons by9Be at higher energies@35#. The
spin-orbit potentials were neglected, as they were found
have a minor influence on the calculated cross sections
analyzing powers. For the deuteron bound state, the R
soft-core wave function@36# was used. The neutron bound
state parameters for9Be were taken from Ref.@31#.

The calculated astrophysicalS factor, angular distribution
coefficients, and analyzing power coefficients f
9Be(p,d)8Be are shown by the solid curves in Figs. 11–1
The calculatedS factor has been normalized by the spect
scopic factorS51.13@31#. Also shown by the dashed curve
is the calculation using only the point-Coulomb potential f
the incoming and outgoing distorted waves. It is seen that
inclusion of the nuclear potential has a significant effect
the calculation. By varying the potential parameters, it w
determined that the calculation is primarily sensitive to t
real part of the nuclear potential in the8Be1d channel. Ap-
parently, as a result of the small positiveQ value of the

TABLE III. The adopted parameters for the8Be1n bound state
and the elastic-scattering potentials. The potentials are define
terms of the parameters by Eq.~6!.

System VR r 0 a0 WS r I aI r C

~MeV! ~fm! ~fm! ~MeV! ~fm! ~fm! ~fm!

8Be1n 44.4 1.20 0.65 - - - -
9Be1p 55.0 1.24 0.63 13.0 1.36 0.35 1.3
8Be1d 113.0 0.82 0.96 10.0 0.90 0.90 1.3
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reaction, the outgoing deuterons have sufficient energy c
pared to the Coulomb barrier to still be sensitive to t
nuclear potential.

As seen in Figs. 11–13, the full calculation including t
nuclear potentials gives a fair description of theS factor and
a good description of the cross section angular distribu
and analyzing power coefficients at the lowest energies.
poorer agreement with theS factor is clearly due to the ne
glect of theEp5330 keV resonance, as the elastic-scatter

FIG. 11. S-factor data for the9Be(p,d)8Be reaction@11#, com-
pared to the direct reaction calculations with the full optical pot
tials ~solid line! and the calculations with only point-Coulomb po
tentials~dashed line!.

FIG. 12. The experimental9Be(p,d)8Be al coefficients
~circles!, compared to the direct reaction calculations with the f
optical potentials~solid line! and the calculations with only point
Coulomb potentials~dashed line!. If not shown, the error bars ar
smaller than the data points.
-

n
e

g

potentials used in the DWBA calculation do not give rise
any resonances in this energy range. The calculations pre
the backward peaking of the cross section angular distr
tions~or large negativea1 coefficient!, in agreement with the
experimental data at the lowest energies. The small ma
tude of the calculated analyzing power coefficients is in g
eral agreement with the data, although they do not agre
detail. The inclusion of spin-orbit forces with strengths d
termined from higher-energy elastic scattering@34,35# does
not significantly change the calculated analyzing power.
conclude that the discrepancy in the analyzing power coe
cient is most likely due to a small amplitude from a dista
state which is not included in the DWBA calculation. Th
calculations show that the direct-reaction mechanism is v
important at low energies. These findings differ from tho
reported in Ref.@11#, which indicated that the direct-reactio
contribution to the cross section was negligible. Since
9Be(p,a)6Li reaction is well described by the previou
R-matrix parametrization @11#, and the direct-reaction
mechanism is expected to be less important for this react
no direct reaction calculations have been attempted for
reaction.

V. CONCLUSIONS

We have measured angular distributions and analyz
powers for the9Be(p,d)8Be and9Be(p,a)6Li reactions for
seven energies with 77<Ep<321 keV. A previous analysis
of total and differential cross section data@11# found that the
observed anisotropy in the9Be(p,d)8Be differential cross
section could be explained by interference with a positi

-

l

FIG. 13. The experimental9Be(p,d)8Be bl coefficients
~circles!, compared to the direct reaction calculations with the f
optical potentials~solid line! and the calculations with only point
Coulomb potentials~dashed line!. If not shown, the error bars ar
smaller than the data points.
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parity subthreshold level at 6.57-MeV excitation in10B. A
survey of existing results for the spin and parity of the 6.5
MeV level of 10B indicates that this level most likely ha
negative parity, although there exists no definitive deter
nation. Extending theR-matrix analysis of Ref.@11# to in-
clude the analyzing power data measured in this experim
we conclude that it is not possible to explain the anisotro
in the differential cross section by assuming interferen
from the subthreshold level. The data obtained using the
larized proton beam were critical in reaching this conclusi
as the previous analysis@11# based on unpolarized data cou
not determine the role of the subthreshold state. We a
carried out direct-reaction calculations for the9Be(p,d)8Be
reaction. We find that the direct-reaction mechanism is
pable of accounting for the majority of the (p,d) cross sec-
tion at very low energies. In addition, the direct-reacti
model provides a simple explanation for the observed ani
ropy in the differential cross section.

The most recent compilation of thermonuclear react
rates @37# assumedS(0)516.4 MeV b for each of the
9Be(p,d)8Be and the 9Be(p,a)6Li reactions. The previ-
ously reported experiment and analysis@11# estimated the
sum of theS(0) values for the two reactions to be 35215

145

MeV b, where the primary source of the error was the unc
tainty in the contribution from the subthreshold state. O
analysis indicates that the presence of this level does not
to an enhancement of the cross section at very low energ
Contributions from the direct-reaction mechanism@shown
for the 9Be(p,d)8Be reaction in Fig. 11# give rise to a
smoothly varyingS(E). In addition, any resonant contribu
tion from distant levels will also give rise to a slowly varyin
S factor at very low energies. Thus, theS factors for the
9Be(p,d)8Be reaction can be expected to extrapol
smoothly from the lowest-energy measurements given
n
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Ref. @11#. This assumption is consistent with the aforeme
tioned values assumed in Ref.@37#. However, as a result o
the experimental data and analysis presented here, the u
tainty is considerably smaller than reported in Ref.@11#, and
is estimated to be620%. The 9Be(p,a)6Li reaction has a
magnitude comparable to9Be(p,d)8Be at astrophysical en
ergies, and is well described by the previousR-matrix pa-
rametrization@11#. Thus the extrapolation of this cross se
tion to lower energies should also be accurate within 20
Consequently, the destruction of9Be in stellar interiors can
be calculated with confidence in the nuclear cross sectio
However, it must also be noted that other phenomena, s
mixing processes within stars, must be understood before
depletion of the stable isotopes of lithium, beryllium, a
boron can be completely understood@5#.

Finally we note that the existing absolute cross sect
data for9Be(p,d)8Be and9Be(p,a)6Li at very low energies
@11# have large errors~see, for example, Figs. 10 and 11!. It
appears practical with modern high-current accelerators
further reduce the uncertainty in the extrapolation by mak
additional precise absolute cross section measurements a
ergies belowEp5100 keV.
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