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The 14N(7Be,8B)13C reaction was studied using an 85 MeV7Be radioactive beam. The asymptotic normal-
ization coefficients for the virtual transitions7Be1p↔8B were determined from the measured cross section.
These coefficients specify the amplitude of the tail of the8B overlap function in the7Be1p channel, and were
used to calculate the astrophysicalS factor for the direct capture reaction7Be(p,g)8B at solar energiesS17(0).
We find thatS17(0)516.661.9 eV b.
@S0556-2813~99!01111-5#

PACS number~s!: 25.60.Je, 26.65.1t, 26.20.1f, 25.60.Bx
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New models of neutrino physics have emerged in light
the consistently lower than expected measured neut
fluxes from the sun.8B neutrinos are central to this questio
8B’s produced in the7Be(p,g)8B reaction are the source o
most or, in some cases, all solar neutrinos observed in
eral existing and planned solar neutrino experiments~e.g.,
Homestake, Kamiokande, Super-Kamiokande, SNO!. Thus,
the cross section or, equivalently, its astrophysicalS factor
S17(0) plays a crucial role in providing better limits withi
neutrino models. There have been five direct measurem
of 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.50, each experiment provides a determination
S17(0) to '10%, but two of these results@1,2# are near 25
eV b, while the other three@3–5# are near 18 eV b. All of
these experiments are consistent with the predicted en
dependence ofS(E) @6–9#, indicating this discrepancy is du
to unresolved problems in absolute normalizations. The
fore, the most recent review of solar fusion rates adopte
valueS17(0)51922

14 eV b @10#, makingS17(0) the most un-
certain input for solar model calculations and a high prior
for new measurements. This review also emphasized the
portance of additional indirect determinations ofS17(0) that
are sensitive to different systematic effects from tho
present in the direct cross section measurements. One
rect determination, based on Coulomb dissociation of8B
@11,12#, favors the lower values ofS17(0). But thereliability
of Coulomb dissociation to determine astrophysicalS factors
at stellar energies has not yet been verified@10#.

At solar energies direct capture processes proceed thro
the tail of the nuclear overlap function@6#. This is especially
applicable to the 7Be(p,g)8B reaction, given the very
weakly bound proton in8B. At distances larger than th
nuclear radius, the shape of this tail is determined by
Coulomb interaction, so the capture rate can be calcula
accurately if one knows the amplitude of the tail. T
asymptotic normalization coefficients~ANC! for 7Be
1p↔8B specify the amplitude of the tail of the8B overlap
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function in the two-body channel when the7Be core and the
proton are separated by a distance large compared to
nuclear radius. At these distances the overlap function
equal to a normalized Whittaker function, where the norm
ization factor is the ANC. The ANC can be determined fro
measurements of nuclear reactions, such as periph
nucleon transfer, where cross sections are orders of ma
tude larger than the direct capture reactions themsel
Therefore, it provides a convenient approach to determ
direct captureS factors at zero energy. In a previous stu
@13#, we tested this technique by comparing measuredS fac-
tors for 16O(p,g)17F with calculations based on ANC’s mea
sured in the peripheral proton transfer reacti
16O(3He,d)17F and found the agreement was better than 9

An earlier experiment attempted to measure the ANC
for 7Be1p↔8B with the reaction2H(7Be,8B)n @14#; how-
ever, interpretation of that experiment was complicated
uncertainties in the choice of optical model paramet
@15,16#. Recently, we reported an indirect determination
S17(0)517.862.8 eV b from a measurement of the ANC fo
7Be1p↔8B in the 10B(7Be,8B)9Be reaction@17#. Here, we
report a second indirect measurement of this capture rat
solar energies via a determination of the asymptotic norm
ization coefficients for 7Be1p↔8B from the
14N(7Be,8B)13C reaction. This experiment was motivated b
more than a need to verify the results obtained from
10B(7Be,8B)9Be reaction using a different system. Improv
ments in experimental hardware, beam quality, and ta
uniformity allowed for a measurement with lower expe
mental uncertainties.

The 7Be radioactive beam was produced via the react
1H(7Li, 7Be)n, using'150 enA of 135 MeV7Li beam from
the Texas A&M University K500 superconducting cyclotro
irradiating a 2.8 mg/cm2 thick LN2-cooled cryogenic H2 gas
cell with 42 mg/cm2 Havar windows. A 69 mg/cm2 alumi-
num degrader reduced the7Li beam energy before enterin
the gas cell. 85 MeV7Be recoils entered the Texas A&M
Momentum Achromat Recoil Spectrometer~MARS! @18,19#
at 0°, where they were separated from the primary beam
©1999 The American Physical Society03-1
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other reaction products. Slits distributed throughout MAR
were employed to optimize the7Be beam size and energ
and angular spread. The detectors shown in Fig. 1 were
cated at the MARS focal plane.

For beam studies a 535 cm2, 1000-mm thick, two-
dimensional position-sensitive Si strip detector was moun
on the target ladder. This detector consisted of 16 resis
strips on one side allowing for both vertical and horizon
position measurements. The back of this detector consi
of a solid piece which provided the total energy of the p
ticles. Due to the small size of the beam spot, only the e
central strips were included in the electronics. The beam s
dimensions were measured to be 2.5 mm horizontal by
mm vertical, both full-width at half maximum~FWHM!.
This detector was also used to calibrate the7Be yield relative
to the measured7Li beam current at the MARS Faraday cu
Momentum slits, positioned near the Faraday cup, were u
to set the energy spread of the beam at 1.6 MeV~FWHM!. A
set of horizontal and vertical slits placed 74 cm in front
the target were used to determine the angular spread o
beam by closing the slits to 535 mm2 and scanning the
beam profile in the horizontal and vertical directions. Be
intensity was found to be uniform across the scanned reg
The angular spread was measured to be 1.8° horizonta
0.6° vertical~full widths!. Better than 99.5% purity for the
7Be radioactive beam was obtained at the secondary ta
with only lower energya particles as contaminants. The7Be
intensity on target was checked frequently and was typic
;80 kHz. This represents an increase of over 30% in be
intensity, while simultaneously reducing the horizontal em
tance by 63% and the vertical emittance by 78% from
previous 10B(7Be,8B)9Be study@17#.

The reaction target consisted of 1.50 mg/cm2 melamine
(C3N6H6) on 20 mg/cm2 C and 20 mg/cm2 collodion back-
ings. Target properties such as thickness and uniformity w
verified directly by the7Be beam. The reaction detector a
semblies described below were used to compare the en
of the beam through a blank target holder and through
target foil. ThedE/dx measurement was compared to resu
from the computer codeSRIM @20# to confirm the thickness
of the target. A Monte Carlo simulation was used to analy
the target in and target out data. The energy shift, due
average target thickness, was reproduced along with
broadening of the7Be beam energy spectrum due to nonu
formities and straggling. The average thickness was veri
to be 1.5060.05 mg/cm2, where the uncertainty is mainl
due to the calculation of the straggling using the codeSRIM.
Also, the uniformity over the area of the7Be beam was
found to be better than 7%, which has no significant eff

FIG. 1. Target and detector configuration.
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on the results. This represents a significant improvemen
uniformity from the previous measurement and is critical
obtaining better energy resolution.

Both 7Be elastic scattering and8B produced in the reac
tion 14N(7Be,8B)13C were observed simultaneously by th
reaction telescopes shown in Fig. 1. The telescopes cons
of 535 cm2, 105-mm thick Si DE detectors, backed by
1000-mm thick Si E detectors. TheDE detectors included
read-outs from 16 separate resistive strips to provide t
dimensional position information for each event, togeth
with an independent read-out of the energy loss. The dete
geometry was optimized for maximum geometric efficien
while minimizing physical damage from the7Be beam. Par-
ticle identification was achieved from theDE2Etotal infor-
mation, as shown in Fig. 2.

7Be elastic scattering data were used to optimize simu
tion parameters and to validate both our understanding of
beam and detector properties and our choice of optical mo
parameters. A detailed Monte Carlo simulation of the expe
ment included all the measured properties of the beam,
ergy loss and straggling in the target, the reaction kinema
and the finite resolution of the detectors. Detector so
angles were simulated as a function of scattering angle,
cluding the overall energy and angular resolutions. Ela
scattering yields were obtained from the data using7Be
events which were kinematically reconstructed by the ana
sis code based on the assumption that all events resu
from scattering off of14N nuclei. Monte Carlo simulations
were performed to predict the overall energy resolution
the elastic scatteringQ-value spectrum integrated over sca
tering angle. Realistic angular distributions were used as
puts to simulate the elastic scattering of7Be on each nuclea
species in the melamine target. Figure 3 shows a fit of
kinematically reconstructedQ-value spectrum of the7Be
particles, together with individually simulated contribution
from the N, C, and H. The shift in theQ value of H and C to
a lesser degree, from zero stems from using kinematic rec
struction appropriate for N as target nucleus. The sum

FIG. 2. Particle identification plot of energy loss versus to
energy.
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these contributions shows good agreement with the d
confirming our understanding of experimental resolutio
The tail extending toQ,22 MeV is due to inelastic scat
tering of 7Be which was not included in the simulation
Figure 4 shows the resulting elastic scattering angular di
bution using the solid angle factors obtained from the Mo
Carlo simulation. In order to compare the measured ang
distribution to optical model predictions, it was necessary
include the elastic scattering due to C and H in the targ
Since finite resolution made it impossible to distinguish sc
tering from N and C, this was done by adding their con
butions in the laboratory frame and then converting the
sults into a center-of-mass angular distribution using
kinematics appropriate for7Be114N elastic scattering. Fig-

FIG. 3. Q-value spectrum of outgoing7Be nuclei. The solid
curve is a sum of contributions from Monte Carlo simulations of
elastic scattering of7Be on 14N, 12C, and1H, fitted over the region
21.0 MeV ,Q,1.5 MeV.

FIG. 4. Observed7Be elastic scattering angular distributio
Statistical errors are smaller than the plotted data points. The o
all normalization uncertainty is65.0%. The dashed curve is th
predicted angular distribution, summed over14N, 12C, and 1H tar-
get nuclei, while the solid curve shows the same distribution c
rected for finite angular resolution.
05580
ta,
.

i-
e
ar
o
t.
t-
-
-
e

ure 4 shows this predicted angular distribution with a
without a correction for finite angular resolution.

The elastic scattering angular distributions have been
dicted using optical model parameters obtained from dou
folding model calculations convoluting Hartree-Fock dens
distributions with the effective interaction of Jeukenne, L
jeune, and Mahaux~JLM! @21#. The folded potentials have
been renormalized to match the systematics observed in
tic scattering ofp-shell nuclei at 9 to 16 MeV/nucleon—
including 6Li112C @22#, 7Li19Be, 7Li112C @23#, 7Li
113C, 10B19Be @24#, 13C19Be, and 14N113C @25#. In to-
tal, eight angular distributions have been analyzed to ob
the renormalization factors needed to fit elastic scattering
this mass region. Since the JLM effective interactions
density and energy dependent, they provide a very good
scription of the mass dependence of the optical poten
Thus, the renormalization factors are nearly independen
the colliding system, minimizing the uncertainties due to t
choice of optical parameters. Details regarding the opt
potentials will be provided in a separate publication@26#.

Figure 4 shows good agreement between the expected
observed elastic scattering angular distributions, espec
since the calculations do not include contributions from
elastic scattering populating the7Be first excited state, which
is not resolved from the elastic scattering. High resolut
elastic scattering studies in this energy region involving7Li
@26# projectiles imply that these excited states should c
tribute less than 15% of the total yield observed near
elastic scattering minima, and less than 1% at the maxim
is important to recognize that Fig. 4 does not represent a
to our measured data. Rather, it is a comparison between
measured absolute cross section for elastic scattering an
predicted absolute cross section from the folding model, w
neither adjusted to match the other. The ratio of predic
cross section to data varies from unity by an average of o
3.0%, well within the 5% overall normalization uncertain
in our measured cross section.

Distorted-wave Born approximation~DWBA! calcula-
tions were used to predict the angular distribution for t
reaction 14N(7Be,8B)13C. This cross section was then inp
to the Monte Carlo simulation using the same experimen
parameters verified with the elastic7Be’s. Figure 5 shows

r-

r-

FIG. 5. Q-value spectrum of the outgoing8B nuclei. The solid
curve is the Monte Carlo simulation of the14N(7Be,8B)13C(g.s.)
reaction, normalized to the data over the region29.5 MeV ,Q
,25.5 MeV.
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the Q-value spectrum for the outgoing8B nuclei with a
simulation of the transfer reaction. The8B events around
211 and 215 MeV are due primarily to the
14N(7Be,8B)13C(3/22, E!53.68 MeV) and
12C(7Be,8uB)11B(g.s.) reactions, respectively. Figure
shows the measured14N(7Be,8B)13C angular distribution for
those outgoing8B nuclei with Q.29.5 MeV which corre-
spond to ground state transfer events only.

For a peripheral transfer reaction, ANC’s are extrac
from the measured cross section by comparison to a DW
calculation. In the14N(7Be,8B)13C(g.s.) proton transfer re
action, the last proton in the ground state of14N can be in the
p1/2 or p3/2 orbitals and transfers to thep1/2 or p3/2 orbitals
constituting the ground state of8B. Thus, the experimenta
cross section is given by

ds

dV
5C8B,p3/2

2 FC14N,p1/2

2

b14N,p1/2

2

sp1/2→p3/2

b8B,p3/2

2 1
C14N,p3/2

2

b14N,p3/2

2

sp3/2→p3/2

b8B,p3/2

2 G
1C8B,p1/2

2 FC14N,p1/2

2

b14N,p1/2

2

sp1/2→p1/2

b8B,p1/2

2

1
C14N,p3/2

2

b14N,p3/2

2

sp3/2→p1/2

b8B,p1/2

2 G , ~1!

wheres ’s are the calculated DWBA cross sections for pr
ton transfer from thep3/2 andp1/2 orbitals in 14N to thep3/2
andp1/2 orbitals in 8B, b’s are the asymptotic normalizatio
constants for the single-particle orbitals used in the DW

FIG. 6. Measured14N(7Be,8B)13C angular distribution for those
events in Fig. 5 that haveQ.29.5 MeV. The dashed and dotte
curves show DWBA calculations of the dominant contributio
from thep1/2→p3/2 andp1/2→p1/2 channels, respectively. The soli
curve shows the total predicted angular distribution, normalized
the total cross section inferred from theQ-value fit in Fig. 5. All
three curves have been corrected for finite angular resolution.
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calculation, C14N’s are the ANC’s for 14N↔13C1p, and
C8B,p3/2

andC8B,p1/2
are the ANC’s for7Be1p↔8B. The val-

ues for the 14N ANC’s were previously determined to b
C14N,p1/2

2
5 18.6(12) fm21 and C14N,p3/2

2
5 0.93(14) fm21

from a study of the13C(14N,13C)14N reaction@25#.
DWBA calculations were carried out with the finite-rang

code PTOLEMY @27#, using the full transition operator. Th
7Be114N distorted waves were calculated with the sam
folding model optical potential used in the elastic scatter
calculations above, while the8B113C optical potential was
derived from a similar folding model calculation. The p
ripheral nature of the reaction was verified by comparing
results of DWBA calculations while varying the paramete
of the single-particle Woods-Saxon potential wells over
rangesr 051.021.3 fm anda50.520.7 fm. The predicted
cross section integrated over 6°,uc.m.,25° changed by
40%, while the inferred ANC’s only changed by63.2%.
Figure 6 shows the data for the transfer reaction and
DWBA prediction. All four contributions to the total cros
section in Eq.~1! were included in the solid line, althoug
only the p1/2→p3/2 and p1/2→p1/2 contributions are shown
The p3/2→p3/2 andp3/2→p1/2 components are not shown i
the figure since, together, they contribute about five tim
less than thep1/2→p1/2 component. As evident in Fig. 6, th
angular resolution of the present experiment is insufficien
distinguish the small difference between the angular dis
butions for the different transitions over the angular reg
studied. Therefore, we calculated the14N(7Be,8B)13C(g.s.)
angular distribution usingC8B,p1/2

2 / C8B,p3/2

2
5 0.157, as de-

termined from microscopic calculations@28#. Figure 6 shows
that our observed angular distribution is in very good agr
ment with the predicted shape, normalized to the cross
tion that we found from theQ-value fit described below.

To determine the8B ANC’s, we have fit the angle-
integratedQ-value spectrum shown in Fig. 5 to obtain th
total 14N(7Be,8B)13C(g.s.) cross section. The predicted a
gular distribution of Fig. 6 was input to the Monte Car
simulation—which calculated the shape, location, and m
nitude of the (7Be,8B) Q-value peak.x2 minimization pro-
vided the best fit to the measuredQ-value spectrum over the
range29.5 MeV,Q,25.5 MeV and determined the ab
solute cross section for populating the9Be ground state to be
s51.13160.066 mb. This gives Cp3/2

2 50.371

60.043 fm21 for 8B→7Be1p. A detailed analysis of un-
certainties and their sources was performed. The contr
tions to the uncertainties are: statistics~2.6%!, absolute nor-
malization of the measured cross section~5.0%!, inputs to
the Monte Carlo simulation~1.4%!, inputs to the DWBA
~8.1%!, and knowledge of the14N ANC ~6.4%!. These val-
ues are consistently lower than those reported for
10B(7Be,8B)9Be reaction@17#, especially the uncertaintie
from simulation and the ANC of the second vertex. The
fore the total uncertainty in the8B ANC was reduced from
16% to 12%. However, the major contribution to the unc
tainty arising from the DWBA calculations continues to b
the limiting parameter in these determinations.

o
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The relation between the8B ANC’s and S17(0), which
was derived in@6#, is

S17~0!5
38.6 eV b

fm21
~C8B,p3/2

2
1 C8B,p1/2

2
!. ~2!

Thus, we conclude thatS17(0)516.661.9 eV b for
7Be(p,g)8B. This is in very good agreement with the resu
obtained from our previous ANC measurement@17# and the
three smaller direct measurements of the7Be(p,g)8B cross
section @3–5# and is more than 3s below the two larger
direct measurements@1,2#. This result provides strong, inde
pendent confirmation of the procedure in Ref.@5#, which
R.

se

e,

-

d

so

05580
chose to disregard the two larger measurements and calc
S17(0) based on a weighted mean of the three smaller di
measurements alone.

We are currently studying the degree of correlation b
tween the uncertainties calculated forS17(0) in the present
work and in Ref.@17#. This correlation arises solely from th
methods used to obtain the optical model potentials. A
resolving this issue, the two experimental results can
combined to determine a final value forS17 with smaller
uncertainty using the ANC technique.

This work was supported in part by the U.S. Departm
of Energy under Grant No. DE-FG03-93ER40773 and by
Robert A. Welch Foundation.
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