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The 10Bs7Be, 8Bd9Be reaction has been studied with an 84 MeV7Be radioactive beam. The measured
cross section determines the asymptotic normalization coefficients for the virtual transitions7Be 1 p $
8B. These coefficients specify the amplitude of the tail of the8B wave function in the two-body channel
7Be 1 p, and may be used to calculate theS factor for the direct capture reaction7Besp, gd8B at solar
energies,S17s0d. We find thatS17s0d  17.8 6 2.8 eV b. [S0031-9007(99)09160-7]

PACS numbers: 25.60.Je, 25.60.Bx, 26.65.+ t, 26.20.+ f
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8B produced via the7Besp, gd8B reaction is the source
of most or, in some cases, all solar neutrinos observ
in several existing and planned solar neutrino expe
ments (e.g., Homestake, Kamiokande, Super-Kamiokan
SNO). Thus, the cross section for the7Besp, gd8B reac-
tion at solar energiess,20 keVd, or equivalently itsS
factor S17s0d, plays a crucial role in the solar neutrino
question. There have been five direct measurements
this cross section using radioactive7Be targets with un-
certainties less than 20%. When the measuredS factors
are extrapolated from the observed energy ranges down
Ec.m.  0, each experiment gives a determination ofS17s0d
to ø10%, but two of the results [1,2] are near25 eV b,
while the other three [3–5] are near18 eV b. All experi-
ments are consistent with the predicted energy depende
of SsEd [6–8], indicating this discrepancy is due to un
resolved problems in absolute normalizations. Therefo
the most recent review of solar fusion rates adopted a va
S17s0d  1914

22 eV b [9], making S17s0d the most uncer-
tain input for solar model calculations. This review als
emphasized the importance of additional indirect determ
nations ofS17s0d which are sensitive to different system
atic effects from those present in the direct cross sect
measurements. One indirect determination has been p
formed, based on Coulomb dissociation of8B [10], and
favors the lower values ofS17s0d. But the reliability of
Coulomb dissociation to determine astrophysicalS factors
at stellar energies has not yet been verified [9].

In this Letter, we report the first indirect measureme
of the 7Besp, gd8B capture rate at solar energies via
determination of the asymptotic normalization coefficie
(ANC) for 7Be 1 p $ 8B, as proposed in [6]. At solar
energies, the7Besp, gd8B capture proceeds through the
tail of the nuclear overlap function [6]. The shape o
this tail is determined by the Coulomb interaction, so th
capture rate can be calculated accurately if one knows
amplitude. The asymptotic normalization coefficients fo
7Be 1 p $ 8B specify the amplitude of the tail of the8B
wave function in the two-body channel when the7Be core
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and the proton are separated by a distance large compa
to the nuclear radius.

The advantage of the ANC approach is that it provid
a method to determine direct captureS factors at zero
energy from measurements of nuclear reactions, such
peripheral nucleon transfer, which have cross sections
ders of magnitude larger than the direct capture reactio
themselves. In a previous study [11], we tested this tec
nique by comparing measuredS factors for16Osp, gd17F
with calculations based on ANC’s measured in the perip
eral proton transfer reaction16Os3He, dd17F. This system
is very similar to7Besp, gd8B, because they both involve
proton capture at large radii into very weakly bound state
The agreement between the16Osp, gd17F results based on
the measuredS factors and those inferred from the mea
sured ANC’s was better than 9%. In the present case,
determine the ANC’s for the system7Be 1 p $ 8B from
a study of the reaction10Bs7Be, 8Bd9Be. One previous
experiment attempted to measure the ANC’s for7Be 1

p $ 8B with the reaction2Hs7Be, 8Bdn [12]. However,
interpretation of that experiment was complicated by u
certainties in the choice of optical model parameters [13

The 7Be radioactive beam was produced in the reacti
1Hs7Li , 7Bedn, using a 135 MeV7Li beam from the Texas
A&M University K500 superconducting cyclotron irradi-
ating a2.8 mgycm2 thick LN2-cooled cryogenic H2 gas
cell with Havar windows. An Al degrader reduced th
7Li beam energy before entering the H2 gas. 84 MeV7Be
recoils produced at0± entered the Texas A&M momen-
tum achromat recoil spectrometer (MARS) [14,15], whic
separated them from the primary beam and other re
tion products. Slits distributed through MARS controlle
the 7Be beam size and energy and angular spread. T
target and beam study detector shown in Fig. 1 were
cated at the MARS focal plane. The study detector w
a 5 3 5 cm2, 1000-mm thick, two-dimensional position-
sensitive Si detector mounted on the target ladder. T
7Be beam spot was 3 mm horizontal by 6 mm vertical (bo
FWHM), with an angular spread of4± horizontal by1.6±
© 1999 The American Physical Society
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vertical (full widths) and an energy spread of 1.6 MeV
(FWHM). 99.5% of the beam particles were7Be, with the
rest being lower energya particles. The beam study detec
tor calibrated the7Be yield, which was typically,60 kHz,
relative to the measured7Li beam current at the MARS
Faraday cup. The7Be beam intensity, shape, and locatio
were checked frequently and found to be very stable.

The self-supporting10B target was produced by drying
a slurry containing grains of enriched10B in a varnish on
a Ta foil. The10B layer was removed from the Ta with
distilled water. The properties of the target were dete
mined directly by the7Be beam. One of the two reaction
detector assemblies described below was used to comp
the energy of the beam through a blank target holder a
through the target foil. From thedEydx measurement, the
average thickness of the10B target was determined to be
1.96 mgycm2. The increased energy spread of the bea
when passing through the target indicated that it had
significant thickness variations61.3 mgycm2d due to the
grain size used in the slurry. Since all beam paramete
except intensity were kept the same during these measu
ments as during the actual data collection, the uncertain
in the final result due to the nonuniformity of the target i
minimal. Based on auxiliary reaction studies at the Ins
tute for Nuclear Physics, the target was found to conta
77% 10B, with 1H, 11B, 12C, and16O also present.

Both 7Be elastic scattering and8B produced in the
reaction 10Bs7Be, 8Bd9Be were observed simultaneously
by the reaction telescopes shown in Fig. 1. The telescop
consisted of5 3 5 cm2, 105-mm thick Si DE detectors,
backed by1000-mm thick SiE detectors. TheDE detec-
tors included read-outs from 16 separate resistive str
to provide two-dimensional position information for eac
event, together with an independent read-out of the ene
loss. DE 2 E particle identification was straightforward.
Two different configurations were used for the reactio
telescopes. In the first, shown in Fig. 1, they wer
mounted symmetrically above and below the7Be beam.
In the second configuration, a single telescope w
mounted at0±, a beam stop was attached to block th
primary 7Be beam, and slits in MARS were adjusted t
reduce the angular and energy spread of the7Be beam.

7Be elastic scattering data were used to validate o
understanding of the beam and detector properties, o

FIG. 1. Target and detector configuration.
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choice of optical model parameters, and the determinatio
of the average target thickness. A detailed Monte Car
simulation of the experiment included all of the measure
properties of the beam, energy loss and straggling in th
target, the reaction kinematics, and the finite resolutio
of the detectors. It calculated the solid angle of th
detectors as a function of the scattering angle and th
overall energy and angular resolutions. Elastic scatterin
yields were obtained from the data using7Be events which
were kinematically reconstructed by the analysis cod
based on the assumption that all events resulted fro
scattering off of10B nuclei. Figure 2 shows the resulting
elastic scattering angular distribution using the solid ang
factors obtained from the Monte Carlo simulation. In orde
to compare the measured angular distribution to optic
model predictions, it was necessary to include the effec
of C and O in the target. Since finite resolution made
impossible to distinguish scattering from B, C, and O, thi
was done by adding their contributions in the laborator
frame and then converting the results into a center-o
mass angular distribution using the kinematics appropria
for 7Be 1 10B elastic scattering. Figure 2 shows this
predicted angular distribution with (solid line) and without
(dashed line) a correction for finite angular resolution.

The elastic scattering angular distributions have bee
predicted using optical model parameters obtained fro
double folding model calculations convoluting Hartree
Fock density distributions according to the JLM effective
interaction [16]. The folded potentials have been reno
malized to match the systematics observed in elastic sc
tering of p-shell nuclei at9 to 16 MeVyu—including
6Li 1 12C [17], 7Li 1 9Be, 7Li 1 12C [18], 7Li 1 13C,

FIG. 2. Observed7Be elastic scattering angular distribution.
Statistical errors are smaller than the plotted data points. Th
overall normalization uncertainty is66.4%. The dashed curve
is the predicted angular distribution, summed over the nucle
in the target, while the solid curve shows the same distributio
corrected for finite angular resolution.
3961
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10B 1 9Be [19], 13C 1 9Be, and14N 1 13C [20]. In to-
tal, eight angular distributions have been analyzed to obt
the renormalization factors needed to fit elastic scatteri
in this mass region. Since the JLM effective interaction
are density dependent, they provide a very good desc
tion of the mass dependence of the optical potential. Th
the renormalization factors have very little dispersio
minimizing the uncertainties due to the choice of optic
parameters. Details regarding the optical potentials w
be provided in a separate publication [21].

Figure 2 shows good agreement between the expec
and observed elastic scattering angular distributions, es
cially since the calculations do not include contribution
from inelastic scattering populating the7Be or10B first ex-
cited states, neither of which is resolved from the elas
scattering. High resolution elastic scattering studies in th
energy region involving7Li [21] and 10B [19] projectiles
imply that these excited states should contribute less th
20% of the total yield observed near the elastic scatteri
minima, and no more than a few percent near the elas
scattering maxima. It is important to recognize that Fig.
does not represent a fit to our measured data. Rather,
a comparison between the measured absolute cross sec
for elastic scattering and the predicted absolute cross s
tion from the folding model, with neither adjusted to matc
the other. Away from the minima, the measured and c
culated absolute cross sections agree within 5%. We a
used the Monte Carlo simulation to predict the overall e
ergy resolution of the elastic scatteringQ-value spectrum
integrated over scattering angle, taking the folding mod
angular distributions as inputs. Again, good agreeme
was found. These agreements verify that we understa
both the target thickness and its nonuniformity.

Figure 3 shows theQ-value spectrum of the outgoing8B
nuclei, while Fig. 4 shows the measured10Bs7Be, 8Bd9Be
angular distribution for those outgoing8B nuclei with
Q . 28 MeV. This corresponds to population of the
9Be ground state, but also includes a small compone
associated with the9Be second excited state. For
peripheral transfer reaction like this, ANC’s are extracte
from the measured cross section by comparison to
distorted-wave Born approximation (DWBA) calculation
In the 10Bs7Be, 8Bd9Besg.s.d proton transfer reaction, the
experimental cross section is given by

ds

dV


sC10Bd2

sb10Bd2

"
sC

8B
p3y2 d2

sb
8B
p3y2 d2

sp3y2 1
sC

8B
p1y2 d2

sb
8B
p1y2 d2

sp1y2

#
. (1)

sp3y2 and sp1y2 are the calculated DWBA cross section
for proton transfer from thep3y2 orbital in 10B to thep3y2
and p1y2 orbitals in 8B, respectively, and theb’s are the
asymptotic normalization constants for the single-partic
orbitals used in the DWBA.C

10B is the ANC for 10B $
9Be 1 p [C2  5.06s46d fm21 [19] ], andC

8B
p3y2 andC

8B
p1y2

are the ANC’s for7Be 1 p $ 8B that, together, deter-
mine theS factor for7Besp, gd8B [6]. The parametrization
3962
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of the DWBA cross section in terms of the ANC’s for th
two vertices makes their extraction insensitive to the p
rameters used in the single-particle potential wells [19,2
in contrast to traditional spectroscopic factors. See [19]
additional details.

The DWBA calculations were carried out with the finite
range codePTOLEMY [22], using the full transition opera-
tor. The7Be 1 10B distorted waves were calculated wit
the same folding model optical potential used in the ela
tic scattering calculations above, while the8B 1 9Be op-
tical potential was derived from a similar folding mode
calculation. The peripheral nature of the reaction w
verified by comparing the results of DWBA calculation
while varying the parameters of the single-particle Wood
Saxon potential wells over the rangesr0  1.0 1.3 fm
and a  0.5 0.7 fm. The predicted cross section inte
grated over8± , uc.m. , 30± changed by 25%, while the
inferred ANC’s only changed by63.5%. The angular
resolution of the present experiment is insufficient to d
tinguish the small difference between the angular distrib
tions of the dominantp3y2 ! p3y2 transition and the weak
p3y2 ! p1y2 transition over the angular region studied
Therefore, we calculated the10Bs7Be, 8Bd9Besg.s.d angular
distribution by assuming thatsC8B

p1y2 d2ysC8B
p3y2 d2  0.157, as

given in [23]. Figure 4 shows that our observed angu
distribution is in good agreement with the predicted shap
normalized to the cross section that we determine from
Q-value fit described below.

To obtain the most precise determination of the8B
ANC’s, we have fit theQ-value spectrum shown in Fig. 3
to obtain the total10Bs7Be, 8Bd9Besg.s.d cross section. The
predicted angular distribution of Fig. 4 was input to th
Monte Carlo simulation—which calculated the shap

FIG. 3. Q-value spectrum of the outgoing8B nuclei. The
curves are Monte Carlo simulations of the10Bs7Be, 8Bd9Be
reaction, populating the9Be ground and second excited state
and the16Os7Be, 8Bd15Nsg.s.d reaction. The solid curve is a fit
over the region212 MeV , Q , 24 MeV.
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FIG. 4. Measured10Bs7Be, 8Bd9Be angular distribution for
those events in Fig. 3 that haveQ . 28 MeV. The dashed
curve shows the predicted angular distribution, normalized
the cross section inferred from theQ-value fit, while the solid
curve is corrected for finite angular resolution.

location, and magnitude of thes7Be, 8Bd Q-value peak.
Angular distributions were also calculated using simila
techniques for reactions populating the9Be second ex-
cited state and the15N ground state from the16O in the
target, then input to the Monte Carlo simulation to dete
mine their correspondingQ-value peak shapes. A three
parameterx2 minimization provided the best fit to the
measuredQ-value spectrum over the range212 MeV ,

Q , 24 MeV and determined the absolute cross sectio
for populating the9Be ground and second excited state
Figure 3 also shows8B yield beyond212 MeV from
population of higher excited states in9Be and reactions
off the 12C in the target. These states were not includ
in the Q-value fit as they have a negligible impact on th
absolute cross sections of interest. TheQ-value fit gives
s  1.40 6 0.13 mb for the ground state cross section
This givesC2

p3y2
 0.398 6 0.062 fm21 for 8B. The con-

tributions to the uncertainties are: statistics (4.0%), abs
lute normalization of the measured cross section (6.4%
inputs to the Monte Carlo simulation (2.4%), inputs to th
DWBA (10%), and knowledge of the10B ANC (9%). The
ratio of the measured cross sections for the two9Be states
is sexcysg.s.  0.52 6 0.05, consistent with the expecta-
tion of ,0.5 from DWBA calculations with shell model
wave functions [24].

The relation between the8B ANC’s and S17s0d was
derived in [6], which found

S17s0d 
38.6 eV b

fm21 fsC
8B
p3y2

d2 1 sC
8B
p1y2

d2g . (2)

Thus, we conclude thatS17s0d  17.8 6 2.8 eV b for
7Besp, gd8B. This is in excellent agreement with the
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results obtained from the three smaller direct measur
ments of the7Besp, gd8B cross section [3–5] and nearly
3s below the two larger direct measurements [1,2], an
has been found using a procedure with completely ind
pendent systematic effects from those present in the7Be
radioactive target experiments. This agreement provid
independent confirmation of the procedure in [5], whic
chose to calculateS17s0d based on a weighted mean of the
three smaller direct measurements alone. The uncertain
in the 8B ANC’s found here will be reduced slightly
after the analysis of a measurement of the10B ANC
using the9Bes3He, dd10B reaction has been completed.
Measurements of thes7Be, 8Bd reaction from other targets
could further reduce the uncertainty in the8B ANC’s, and
hence the determination ofS17s0d, in the future.
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