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The °B("Be, 3B)°Be reaction has been studied with an 84 Md@é radioactive beam. The measured
cross section determines the asymptotic normalization coefficients for the virtual tran&mns p —
8B. These coefficients specify the amplitude of the tail of¥Bevave function in the two-body channel
Be + p, and may be used to calculate thidactor for the direct capture reactidBe(p, v)?B at solar
energiesS;7(0). We find thatS;;(0) = 17.8 = 2.8 eVbh. [S0031-9007(99)09160-7]

PACS numbers: 25.60.Je, 25.60.Bx, 26.65.+t, 26.20.+f

8B produced via théBe(p, y)®B reaction is the source and the proton are separated by a distance large compared
of most or, in some cases, all solar neutrinos observetb the nuclear radius.
in several existing and planned solar neutrino experi- The advantage of the ANC approach is that it provides
ments (e.g., Homestake, Kamiokande, Super-Kamiokande, method to determine direct captufefactors at zero
SNO). Thus, the cross section for thBe(p, y)®B reac- energy from measurements of nuclear reactions, such as
tion at solar energie$~20 keV), or equivalently itsS peripheral nucleon transfer, which have cross sections or-
factor S17(0), plays a crucial role in the solar neutrino ders of magnitude larger than the direct capture reactions
guestion. There have been five direct measurements tfiemselves. In a previous study [11], we tested this tech-
this cross section using radioactiVBe targets with un- nique by comparing measuredfactors for'®O(p, y)!'"F
certainties less than 20%. When the measuidedctors  with calculations based on ANC’s measured in the periph-
are extrapolated from the observed energy ranges down &ral proton transfer reactiddO(*He, d)'’F. This system
E.m. = 0, each experiment gives a determinatios gf(0) is very similar to’Be(p, y)®B, because they both involve
to =10%, but two of the results [1,2] are ne@f eV b, proton capture at large radii into very weakly bound states.
while the other three [3—5] are nes8 eV b. All experi- The agreement between tH®(p, v)!"F results based on
ments are consistent with the predicted energy dependentiee measured factors and those inferred from the mea-
of S(E) [6-8], indicating this discrepancy is due to un- sured ANC'’s was better than 9%. In the present case, we
resolved problems in absolute normalizations. Thereforegetermine the ANC's for the systetBe + p < 8B from
the most recent review of solar fusion rates adopted a valua study of the reactio®B(’Be,B)’Be. One previous
S17(0) = 1973 eVb [9], making S;7(0) the most uncer- experiment attempted to measure the ANC's T8e +
tain input for solar model calculations. This review alsop < B with the reaction’H(’Be, ®B)n [12]. However,
emphasized the importance of additional indirect determiinterpretation of that experiment was complicated by un-
nations ofS7(0) which are sensitive to different system- certainties in the choice of optical model parameters [13].
atic effects from those present in the direct cross section The’Be radioactive beam was produced in the reaction
measurements. One indirect determination has been péi(’Li,’Be)n, using a 135 MeVLi beam from the Texas
formed, based on Coulomb dissociation®& [10], and A&M University K500 superconducting cyclotron irradi-
favors the lower values af;7(0). But the reliability of  ating a2.8 mg/cn? thick LN,-cooled cryogenic K gas
Coulomb dissociation to determine astrophysicédctors  cell with Havar windows. An Al degrader reduced the
at stellar energies has not yet been verified [9]. Li beam energy before entering the Bas. 84 MeV Be

In this Letter, we report the first indirect measurementrecoils produced ab° entered the Texas A&M momen-
of the "Be(p, y)®B capture rate at solar energies via atum achromat recoil spectrometer (MARS) [14,15], which
determination of the asymptotic normalization coefficientseparated them from the primary beam and other reac-
(ANC) for 'Be + p < 8B, as proposed in [6]. At solar tion products. Slits distributed through MARS controlled
energies, theBe(p, y)®B capture proceeds through the the ’Be beam size and energy and angular spread. The
tail of the nuclear overlap function [6]. The shape oftarget and beam study detector shown in Fig. 1 were lo-
this tail is determined by the Coulomb interaction, so thecated at the MARS focal plane. The study detector was
capture rate can be calculated accurately if one knows ita 5 X 5 cn?, 1000-um thick, two-dimensional position-
amplitude. The asymptotic normalization coefficients forsensitive Si detector mounted on the target ladder. The
"Be + p < B specify the amplitude of the tail of tH8  ’Be beam spot was 3 mm horizontal by 6 mm vertical (both
wave function in the two-body channel when tige core  FWHM), with an angular spread d@f horizontal by1.6°
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vertical (full widths) and an energy spread of 1.6 MeV choice of optical model parameters, and the determination
(FWHM). 99.5% of the beam particles welBe, with the  of the average target thickness. A detailed Monte Carlo
rest being lower energy particles. The beam study detec- simulation of the experiment included all of the measured
tor calibrated théBe yield, which was typically-60 kHz,  properties of the beam, energy loss and straggling in the
relative to the measuretLi beam current at the MARS target, the reaction kinematics, and the finite resolution
Faraday cup. Thé&Be beam intensity, shape, and locationof the detectors. It calculated the solid angle of the
were checked frequently and found to be very stable.  detectors as a function of the scattering angle and the
The self-supporting’B target was produced by drying overall energy and angular resolutions. Elastic scattering
a slurry containing grains of enriché®B in a varnish on  yields were obtained from the data usii®g events which
a Ta foil. The!°B layer was removed from the Ta with were kinematically reconstructed by the analysis code
distilled water. The properties of the target were deterbased on the assumption that all events resulted from
mined directly by thé Be beam. One of the two reaction scattering off of\B nuclei. Figure 2 shows the resulting
detector assemblies described below was used to compagtastic scattering angular distribution using the solid angle
the energy of the beam through a blank target holder anthctors obtained from the Monte Carlo simulation. In order
through the target foil. From théE /dx measurement, the to compare the measured angular distribution to optical
average thickness of théB target was determined to be model predictions, it was necessary to include the effects
1.96 mg/cn?. The increased energy spread of the beanof C and O in the target. Since finite resolution made it
when passing through the target indicated that it had @npossible to distinguish scattering from B, C, and O, this
significant thickness variatioft-1.3 mg/cn¥) due to the was done by adding their contributions in the laboratory
grain size used in the slurry. Since all beam parametersame and then converting the results into a center-of-
except intensity were kept the same during these measureass angular distribution using the kinematics appropriate
ments as during the actual data collection, the uncertaintior 'Be + '°B elastic scattering. Figure 2 shows this
in the final result due to the nonuniformity of the target ispredicted angular distribution with (solid line) and without
minimal. Based on auxiliary reaction studies at the Insti{dashed line) a correction for finite angular resolution.
tute for Nuclear Physics, the target was found to contain The elastic scattering angular distributions have been
77%'°B, with 'H, ''B, '>C, and'®0O also present. predicted using optical model parameters obtained from
Both "Be elastic scattering an®B produced in the double folding model calculations convoluting Hartree-
reaction '°B(’Be, ®B)°’Be were observed simultaneously Fock density distributions according to the JLM effective
by the reaction telescopes shown in Fig. 1. The telescopesteraction [16]. The folded potentials have been renor-
consisted of5 X 5 cm?, 105-um thick Si AE detectors, malized to match the systematics observed in elastic scat-
backed by1000-um thick SiE detectors. ThA\E detec- tering of p-shell nuclei at9 to 16 MeV/u—including
tors included read-outs from 16 separate resistive strip&i + '2C [17], "Li + °Be, ’Li + '>C [18], 'Li + *C,
to provide two-dimensional position information for each
event, together with an independent read-out of the energy

loss. AE — E particle identification was straightforward. i X
Two different configurations were used for the reaction 1041 "Be elastics on "B
telescopes. In the first, shown in Fig. 1, they were g :
mounted symmetrically above and below tHge beam. =
In the second configuration, a single telescope was <~ 1031
mounted at0°, a beam stop was attached to block the {ED
primary 'Be beam, and slits in MARS were adjusted to < |
reduce the angular and energy spread of B beam. =il
"Be elastic scattering data were used to validate our 310 3
understanding of the beam and detector properties, our S s
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Collimator FIG. 2. ObservedBe elastic scattering angular distribution.
I Statistical errors are smaller than the plotted data points. The
© ° 10 overall normalization uncertainty i6.4%. The dashed curve
Scale  (cm) is the predicted angular distribution, summed over the nuclei

in the target, while the solid curve shows the same distribution
FIG. 1. Target and detector configuration. corrected for finite angular resolution.
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B + %Be [19], °C + °Be, and'*N + 3C [20]. Into- of the DWBA cross section in terms of the ANC’s for the
tal, eight angular distributions have been analyzed to obtaitwo vertices makes their extraction insensitive to the pa-
the renormalization factors needed to fit elastic scatteringameters used in the single-particle potential wells [19,20],
in this mass region. Since the JLM effective interactionsn contrast to traditional spectroscopic factors. See [19] for
are density dependent, they provide a very good descrigdditional details.
tion of the mass dependence of the optical potential. Thus, The DWBA calculations were carried out with the finite-
the renormalization factors have very little dispersion,range codeeTOLEMY [22], using the full transition opera-
minimizing the uncertainties due to the choice of opticaltor. The’Be + '°B distorted waves were calculated with
parameters. Details regarding the optical potentials wilthe same folding model optical potential used in the elas-
be provided in a separate publication [21]. tic scattering calculations above, while tH& + °Be op-
Figure 2 shows good agreement between the expecteaital potential was derived from a similar folding model
and observed elastic scattering angular distributions, espealculation. The peripheral nature of the reaction was
cially since the calculations do not include contributionsverified by comparing the results of DWBA calculations
from inelastic scattering populating thBe or'°B first ex-  while varying the parameters of the single-particle Woods-
cited states, neither of which is resolved from the elasticSaxon potential wells over the ranges= 1.0-1.3 fm
scattering. High resolution elastic scattering studies in thisnd ¢ = 0.5-0.7 fm. The predicted cross section inte-
energy region involvingLi [21] and '°B [19] projectiles  grated oveB® < 6., < 30° changed by 25%, while the
imply that these excited states should contribute less thainferred ANC’s only changed by-3.5%. The angular
20% of the total yield observed near the elastic scatteringesolution of the present experiment is insufficient to dis-
minima, and no more than a few percent near the elastitinguish the small difference between the angular distribu-
scattering maxima. It is important to recognize that Fig. 2tions of the dominanps,, — ps/, transition and the weak
does not represent a fit to our measured data. Rather, it js,, — p;/, transition over the angular region studied.
a comparison between the measured absolute cross sectibnerefore, we calculated tHeB(’Be, ®B)’Be(g.s) angular
for elastic scattering and the predicted absolute cross sedistribution by assuming th&€>,)*/(C35,)* = 0.157, as
tion from the folding model, with neither adjusted to matchgiven in [23]. Figure 4 shows that our observed angular
the other. Away from the minima, the measured and caldistribution is in good agreement with the predicted shape,
culated absolute cross sections agree within 5%. We alsaormalized to the cross section that we determine from the
used the Monte Carlo simulation to predict the overall en-Q-value fit described below.
ergy resolution of the elastic scatterigiyvalue spectrum To obtain the most precise determination of th
integrated over scattering angle, taking the folding modeANC'’s, we have fit theQ-value spectrum shown in Fig. 3
angular distributions as inputs. Again, good agreemenio obtain the total’B(’Be, ®B)°Be(g.s) cross section. The
was found. These agreements verify that we understangredicted angular distribution of Fig. 4 was input to the
both the target thickness and its nonuniformity. Monte Carlo simulation—which calculated the shape,
Figure 3 shows th@-value spectrum of the outgoiig
nuclei, while Fig. 4 shows the measur®(’Be, 3B)’Be 80
angular distribution for those outgointB nuclei with
Q > —8 MeV. This corresponds to population of the 70 — Total
°Be ground state, but also includes a small component
associated with thé Be second excited state. For a 60
peripheral transfer reaction like this, ANC’s are extracted
from the measured cross section by comparison to a
distorted-wave Born approximation (DWBA) calculation.
In the 1°B(’Be, 8B)’Be(g.s) proton transfer reaction, the
experimental cross section is given by 20

1082 B 1o B 1o
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op,, ando, , are the calculated DWBA cross sections S N

for proton transfer from thes, orbital in 1°B to the p;» S M
and p1,, orbitals in®B, respectively, and thé’s are the Q (MeV)

asymptotic normalization constants for the single-particle

orbitals used in the DWBA.C'B is the ANC for'°B — FIG. 3. Q-value spectrum of the outgoinES%Bn7ucle;. 9'I'he
- B B Monte Carlo simulations of tHeB('Be,°B)’Be
“Be + p [C2 = 5.06(46) fm ' [19]], andC}%. andChls  rometion. o

) b < reaction, populating théBe ground and second excited states,
are the ANC’s for'Be + p < °B that, together, deter- and the'*O(’Be, ®B)*N(g.s) reaction. The solid curve is a fit

mine thes factor for’Be(p, y)®B [6]. The parametrization over the region-12 MeV < Q0 < —4 MeV.
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FIG. 4. Measured'’B(’Be,®B)°Be angular distribution for
those events in Fig. 3 that hay@ > —8 MeV. The dashed

results obtained from the three smaller direct measure-
ments of the/Be(p, y)®B cross section [3—5] and nearly
30 below the two larger direct measurements [1,2], and
has been found using a procedure with completely inde-
pendent systematic effects from those present in’ Bee
radioactive target experiments. This agreement provides
independent confirmation of the procedure in [5], which
chose to calculat§;;(0) based on a weighted mean of the
three smaller direct measurements alone. The uncertainty
in the 8B ANC’s found here will be reduced slightly
after the analysis of a measurement of tH& ANC
using the’Be(*He, d)'°B reaction has been completed.
Measurements of th€Be, ®B) reaction from other targets
could further reduce the uncertainty in tHg ANC’s, and
hence the determination 6§,(0), in the future.
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curve shows the predicted angular distribution, normalized tqegundation.

the cross section inferred from th@-value fit, while the solid
curve is corrected for finite angular resolution.
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