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C. R. Brune, W. H. Geist, H. J. Karwowski, E. J. Ludwig, and K. D. Veal
Department of Physics and Astronomy, University of North Carolina at Chapel Hill, Chapel Hill, North Carolina 27599-3255
and Triangle Universities Nuclear Laboratory, Durham, North Carolina 27708-0308
(Received 17 October 1997

Angular distributions of cross section and vector analyzing power have been measuredgmmﬁ,ei)sBe
and 9Be(|5,oz)6Li reactions for 7&AE <321 keV. Previous work has suggested that the low-energy cross
section is enhanced by thg,=6.57 MeV subthreshold level it’8. 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 Rfmatrix and direct reaction calculations. We find that the magnitude and angular
distribution of the®Be(p,d)®Be 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 théBe(p,d)®Be and®Be(p,«)bLi reactions are discusse50556-28188)06406-1

PACS numbep): 26.35+c, 24.50+q, 24.70+s, 27.20+n

I. INTRODUCTION resonance, the angular distribution of deuterons was ob-
served to be highly anisotropic abog,,=90°. In order to
The Be abundance in low-metallicity stars is an importantexplain this anisotropy, a significant but very uncertain con-
probe of cosmic-ray and big-bang nucleosynth¢sis The  tribution to the cross section was attributed to an opposite-
abundances observed in these and other types of stars al@rity subthreshold state. This uncertainty is reflected in the
provide important tests of galactic evolution and stellarestimatedS(0) value(summed over both reaction channels
structure modelg2]. Beryllium has been observed at the Of 35" 12 MeV b [11]. The S(0) value essentially determines
level of 10" 3<n(°Be)/n(H)=<10"in many stars, a level the reaction rate, as the effective energy for this reaction at
consistent with models in whicABe is produced via colli- Stellar temperatures is'7 keV. The existence of a state at
sions ofp and & cosmic rays with CNO nucldi3]. Further-  6.57-MeV excitation in'°B (20 keV below the °Be+p
more, it has been established that the Be abundance obser/&#eshold has been established by many experiments, but
in some stars is more than an order of magnitude lower thafiPin and parity determinations have not been in good agree-
that seen in other stars expected to have the same quantity Gent.
Be produced by cosmic rays. This observation is taken to be The high-intensity low-energy polarized proton beam
evidence for Be depletion by thermonuclear reactidisAs ~ available at Triangle Universities Nuclear Laboratory makes
discussed in Refd4,5], Be depletion mechanisms must be it possible to test the assumed reaction mechanism. The ana-
well understood in order to differentiate between cosmic-rayyzing power for reactions induced by polarized protons in-
and big-bang production models. The depletion of Be result§ident on °Be is predicted to be large, if the subthreshold
from the mixing of material from the stellar surface with State has positive parity, and makes a significant contribution
material from interior regions where the temperature is suffo the total cross sectiofi.e., if the previously reported
ficient for the °Be(p,d)®Be and®Be(p, «)%Li reactions to be ~ analysis[11] is correc}.
effective (=3.5x 10° K). Thus, in order to make quantitative ~ This paper describes measurements of the angular distri-
calculations of the’Be depletion, the cross sections for thesebutions of cross section and vector analyzing power for the
reactions must be known at stellar energies. °Be(p,d)®Be and°Be(p, «)°Li reactions. The data are ana-
In addition, the®Be(p,d)®Be and®Be(p, «)°Li reactions !yzeq in_ terms ofR-matrix and direct reaction models. The
are important for determining the amount e produced implications of these results for théBe(p,d)’Be and
by primordial nucleosynthesis. While the standard big-bang Be(p, @)°Li thermonuclear reaction rates are discussed.
model[6] predicts very little®Be production n(°Be)/n(H)
~10 18], some big-bang models which include baryon inho- Il. EXPERIMENTAL PROCEDURES
mogeneities predict significantly greatéiBe production
[7.8], possibly at a level observable with present technology, Measurements of the angular distributions of cross section
n(°Be)/n(H)~10 13 and vector analyzing power for théBe(p,d)®Be and
Finally, we note that these reactions may have applica®Be(p,)®Li reactions were carried out using the low-
tions in advanced fusion reactors, such as discussed in Refsnergy beam facility at the Triangle Universities Nuclear

[9,10]. Laboratory, as described below.
A previous measuremenitl1] of the °Be(p,d)®Be (Q

=0.56 MeV) and °Be(p,a)%Li (Q=2.13 Me\) reactions
found the low-energy cross section in both reaction channels
to be dominated by a broad’{,,~120 keV) s-wave J” Beams of 80-keV polarized and unpolarizé#i~ and
=1" resonance aE,=330 keV. At energies below the 1 H* ions were produced by an atomic-beam-polarized ion

A. Beam
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source[12]. For on-target proton energies greater than 80 600
keV, the 'H™ beam from the source was directed to the
minitandem accelerat¢f 3], where it was accelerated to the 500 7
positive terminal potential, underwent charge exchange in a ]
~2-uglcn? carbon foil, and was then further accelerated as
IH*. For the on-target energy of 80 keV, the more-intense é
'H* beam from the source was used, the charge exchanges *%°[
foil was rotated out of the beam, and the minitandem accel- ©
erator was grounded, so that the beam was transportec
through without further acceleration. Following the minitan-
dem, the beam was magnetically analyzed and directed into
the 107-cm-diam scattering chamijéd]. Beam currents on
target varied between 10 nA andu®, depending on detec- N T T P P T Te T
. . 0 50 100 150 200 250 300 350 400 450 500
tor count-rate requirements. For measurements fjth 80 channel
keV, the energy calibration of the beam has been established
to =1 keV, using the 240.0- and 340.5-keV resonances in FIG. 1. Charged-particle spectrum obtaineddgt=150°, with
%F(p,ay) and the 405.4- and 445.8-keV resonances ire mean proton energy in the target of 197 keV. The deuteron and
27Al(p,7y). The resonance energies were taken from Refa-particle peaks are centered at channels 185 and 360, respectively.
[15].

For the polarized-proton-beam measurements Vlth  respect to the beam. In these cases, the beam loses 40% more
>80 keV, the beam polarization was determined using thenergy in the target, leading to slightly lower mean energy
SLi( p,3He)*He reaction in a polarimeter at the rear of the (N0 corrections were made for this effect, as it is estimated to
107-cm-diam scattering chamber as described in Raj. e negligiblg. Pulsers were inserted into the detector spectra
For these measurements, the beam energy was set to givdfacilitate dead-time corrections, which were less than 5%
mean proton energy of 321 keV, where the polarimeter idn all measurements.
well calibrated. The polarization of theH* beam used for
the E,=80 keV measurements was assumed to be the same C. Measurements

as that determined for théH™ beam before and after the  Measurements of the angular distributions of cross section
positive beam measurements. The systematic error in thgnd vector analyzing power were carried out for seven dif-
beam polarization is estimated to be5%, except for the  ferent incident energies, corresponding to mean proton ener-
E,=80 keV measurement, for which we estimatg %. gies in the target of 77, 147, 172, 197, 247, 297, and 321
A Wien filter downstream from the ion source was set Sokg\/.
that the spin-quantization axis was vertical in the laboratory, The measurements of the angular distribution of the cross
perpendicular to the scattering plane. The polarized-beamgection were carried out an using unpolarized beam. One set
data were taken with two spin states, with polarizatiphs  of detectors was used as a monitor, and was placed at labo-
(=~0.7) andp, (~—0.7). The desired hyperfine states of ratory angles of 130°, 150°, and 170°. The other set of de-
atomic hydrogen were cycled approximately every secondectors was mounted on a movable plate and covered the

This technique minimizes the effects of slow Changes irhngl”ar range of 152 0Iab$ 170° in 10° Stepsa 5° Step was
beam position, target thickness, or amplifier gain on the meayseq at far-forward angles

400

2001

100

sured analyzing powers. The majority of the analyzing power measurements were
carried out with two sets of three detectors, with each set
B. Targets and detectors placed symmetrically on either side of the beam. The mea-

The targets consisted of J0g/cn? of °Be evaporated on Surements covered 18°6,,,<165° in 5°~15° steps.
5-uglcnt carbon foils. The foils were supported on a steel
frame with a 0.8-cm-diam hole and positioned in the center . RESULTS
of the scattering chamber. The proton beam lost between 6
and 10 keV in the’Be layer; the results reported here are for ) _ _
the mean proton energy in the target. The beam was colli- The normalized yields of deuterons aadparticles were

A. Cross section measurements

mated to produce a 0.4 cix 0.4 cm spot on the target. calculated using

The reaction products were detected using A®0-thick N
Si surface barrier detectors. Sets of three detectors separated W=F, d ' (1)
by 20° were placed on each side of the beam in the chamber; Nmon

each detector subtended a solid anglesd& msr. For most

of the measurements, the detectors were covered with 0.9vhere Ny is the number of counts in the moving detector,
wm Ni or 2-um Mylar foils to stop or degrade the energy of N, iS the sum of deuteron anad-particle counts in the
the elastically scattered protons. A sample spectrum is showbh50° and 170° monitor detectoishe 130° monitor was
in Fig. 1. In some instances, no foils were used on the deblocked when the target was rotated 45°), andRhéctors
tectors at backward angles, in order to all8i ions from  correct for the slightly different solid angles subtended by
the °Be(p, a)SLi reaction to be detected. For measurementseach detector. BotNy and N, were corrected for dead-
with 70°< 0,,,<110° the targets were rotated to 45° with time effects. TheF; factors for each detector were deter-
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FIG. 2. Sample cross section angular distributions for the
%Be(p,d)®Be reaction. The experimental data are shown as circles
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shown, the error bars are smaller than the data points.

mined by comparing the yields at overlapping angles. The
results were converted to the center-of-mass system, and are
shown in Figs. 2 and 3, renormalized as described below.

(circles and theR-matrix parametrization of Ref11] (solid lines.

Na
W(0m) =Nw 1+|§1 a;P,(cos fem) |, 2)

The cross section can be expanded in terms of Legendre

polynomialsP,(cosé. ,) using
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where Ny, is an overall normalization factor ard, is the
number of terms in the sum. The data were fit to E).
usingN,=2, as this assumption was sufficient to obtain an
excellent fit to the data. When the angular distribution data
were fitted withN,= 3, the fitteda; coefficients were not
statistically different from zero. The angular distribution data
and fits, renormalized so thét,=1, are shown in Figs. 2
and 3. The fittedy, coefficients are shown in Figs. 4 and 5.

B. Analyzing power measurements

The analyzing power measurements were taken using two
spin states with polarizations, andp,. The analyzing pow-
ersA, were determined from the measured yields using

A R-1 @
Y p1—Rp,
for the right detectors and
A L-1 @
Y pi—Lp;

for the left detectors, wherB= YR/ Y%, L=Y{/YZ, andYg
andY| are the yields of detected particles for spin sfaie

FIG. 3. Sample cross section angular distributions for thethe right and left detectors, respectively. The yields were
9Be(p, @)®Li reaction. The experimental data are shown as circlescorrected for dead time and normalized by the number of
and the Legendre polynomial fits are given by the solid lines. If notincident particlesdetermined by beam-current integration

shown, the error bars are smaller than the data points.

The values forA, found from the right and left detectors
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FIG. 5. The fitteda, coefficients for the’Be(p, a)bLi reaction
(circles and theR-matrix parametrization of Ref11] (solid lines.
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FIG. 6. SampleA, distributions for the®Be(p,d)®Be reaction.
The experimental data are shown as circles and the Legendre poly-
nomial fits are given by the solid lines.

subthreshold state &,=6.57 MeV has a spin and parity

were identical within statistical errors, and an averag&yhich allow the state to be populated byr p waves in the
weighted by the statistical errors was used to determine theBe+p channel, and if the reduced widths are sufficiently

final Ay values. The analyzing powers determined from therge " Given the excitation energy and total width of this

detected®Li particles were converted to the-particle coor-
dinate system by reversing the sign of the analyzing powe
and replacingd. , by 180°— 6., . The resultingA, values

are shown in Figs. 6 and 7.

T T 7 T T ]
The expansion for the angular dependence of the analyz- 008 Ep = 77 keV ]

ing power is given by17]

N
3,2, bPi(cos6
A= I1=1¥1T c.m) (5)

Y1+ 312 2P (cos b )’

where thea, coefficients andN, are the same as in ER),

the associated Legendre polynomiﬁllé(cose) are defined
in Ref.[18], and N, is the number of associated Legendre

polynomial terms included in the sum. The requisgdcoef- & gg:_

ficients were taken from the fits to the unpolarized angular I L) Iy

distribution data(Sec. Il A). The data were fit to Eq(5) o0k ]

using N,=3 for the °Be(p,d)®Be reaction andN,=2 for 004l ]

the °Be(p, «)°Li reaction, as these assumptions were suffi- — 1

cient to obtain an excellent fit to the data. When tpea() oosf Ep = 321 keV ]

data were fit usind\, = 3, the fittedb; coefficients were not 006

statistically different from zero. The analyzing power data . >°f

and fits are shown in Figs. 6 and 7. The fittgccoefficients ' ol

are shown in Figs. 8 and 9. o0l 1
—-0.04 -

IV. ANALYSIS AND DISCUSSION

A. R-matrix calculations and the role
of the E,=6.57 MeV state

The low-energy cross section of thBe(p,d)®Be and

state, its contribution to the total cross section will be negli-
Gible if I,=2 in the entrance channel, even for reduced pro-
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FIG. 7. SampleA, distributions for the®Be(p, «)°Li reaction.

The experimental data are shown as circles and the Legendre poly-

%Be(p, «)SLi reactions will be significantly enhanced if the nomial fits are given by the solid lines.
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TABLE I. Existing results for the spin and parity of tHg,
=6.57 MeV level of1%B. Results from proton transfer reactions on
®Be provide information orl,, the orbital angular momentum of
the transferred proton. Results reported as tentative are indicated

with parentheses.

FIG. 8. The fitted analyzing power coefficients for the
9Be(p,d)®Be reaction(circles and theR-matrix parametrization of
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Reaction Results Reference
%Be(p,d) and °Be(p, ) =+ [11]
SLi( @, ) 1,=3 ([d™=2"or4") [19]
5Li(a,a) 1,=3 (J™=2"or4") [20]
1B(%He,a)%B(ap)SLi J=3,(J"=3" or4") [22]
10B(n,n") == [38]
1%B(p,p’) == [39]
°Be(d,n) lp=1 [40]
°Be(d,n) (1,=3) [41]
°Be(d,n) l,=1 or 2 [42]
°Be(®He,d) (I,=1) [43]
°Be(®He,d) (1,=2) [21]

ton widths up to the single-particle limit, due to angular-
momentum barrier considerations. In the work of Sierk and
Tombrello[11], this state was assumed to have positive par-
ity, and therefore could be formed hy waves in the en-
trance channel. The observed anisotropy in the low-energy

Ref.[11] (solid lineg. If not shown, the errors bars are smaller than 9Be(p,d)88e cross section angular distribution could then
the data points.
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be explained by the presence of interferiigand p-wave
amplitudes.

There have been many other measurements of the spec-
troscopic properties of thE,=6.57 MeV state of!’B; un-
fortunately, as shown in Table I, there are a wide variety of
spin and parity assignments. In addition to spin and parity
determinations, the two measurements®bf{ «,«) scatter-
ing have consistently determined the total width:
INem=25.1+1.1[19] andI'; ,,=26+3 [20]. It is important
to note that the total width of this state provides some useful
constraints on the assumed redueegarticle and deuteron
widths.

In the relatively recent study of proton transfer reactions
by Bland and Fortung21], the authors attempt to fit
%Be(®*He,d) and °Be(d,n) data using distorted-wave Born-
approximation calculations. They note that neither the as-
sumption ofl ,=1 orl,=2 for the transferred proton orbital
angular momentum in populating the 6.57-MeV state pro-
vides a convincing fit to the data. However, the requirement
that the spectroscopic strength observed in the two reactions
should be self-consistent induced the authors to faysr2.

An analysis of a-a angular correlations from
1B(3He,a)1%B( a)bLi determined=3 from the complex-
ity of the angular dependence of the correlati@ad]. In ad-
dition, the parity was tentatively determined to be negative.
These results, if correct, would have important consequences
for the °Be+ p reactions, ag=3 rules outs-wave formation
in the entrance channel, and negative parity rulegpewave
formation.

The measurements &Li( a,«) scattering[19,20 deter-
mined that the 6.57-MeV state is formed by 3 « particles,
with J7=2" or 4~ favored on the basis of the quality of fits

Ref.[11] (solid lines. If not shown, the error bars are smaller than to the scattering data. These determinations) ahust be
the data points.

considered tentative, due to the simple form assumed for the
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nonresonant amplitudes and the neglect of the deuteron TABLE Il. The R-matrix parameters reported by Sierk and
channel in the analyses. Tombrello[11,44]. The first two columns give the resonance energy
Some further information on the spin and parity of this andJ™ values of the resonances. The remaining columns give the
state is provided by the recent measurement“]ﬁf(e,e’) reaction channgl, interaction radij , or.bital angular momentur
[23]. It was found that the measured electromagnetic forn{he channel spiss, and the reduced widty .
factors for this state were well reproduced by sheII—modeE
c.m.

calculations which assumeti=4". (MeV) g7 Channel (fé:;) | S (Mygv)
On the basis of these determinations, it seems most likely.
that the 6.57-MeV state hak’=3" or 4. This assumption p 7.396 0 1 0.65
is consistent with the majority of the results in Table I, and is p 7.396 2 1 0.50
only in conflict with the previous analysis of the 0.310 r P 7.396 2 2 0.51
°Be(p,d)®Be and °Be(p, «)SLi reactions[11] and some of d 8650 1 1 0.28
the early proton transfer analyses. However, due to the un- @ 7.954 1 1 0.15
certain s]tuatlon outlined above, a definitive determination of 0 7396 1 1 0.10
J7 for this state would be most welcome. 0 7396 3 1 0.10
The only analysis of théBe(p,d)®Be and°Be(p, a)Li 0,010 > 7306 1 2 011
reactions, however, assumed= + for the 6.57 MeV level. ' S 7:396 3 5 0:11
In Ref. [11], the total and differential cross sections for d 8.650 5 1 050
9Be(p,pI)SBe and 93e(p,a)_6L|_ were fitted using an o 2054 2 1 —005
R-matrix parametrization which included tlg=6.57 MeV
subthreshold state. P 7.396 1 1 0.60
The dominant features in the®Be(p,d)®Be and p 7396 1 2 -061
Be(p,a)®Li cross section data belo, ,,=400 keV are p 7396 3 2 0.20
effects due to the)™=1" level at E.,,=310 keV. The 0.410 T d 8650 0 1 0.40
asymmetry of the angular distribution abofy;,,=90° and d 8650 2 1 1.00
the nonzero analyzing power indicate the presendg efl o 7954 0 1 0.20
components in the’Be(p,d)®Be reaction. Since a proton o 7954 2 1 0.01

(J™=3%) and °Be (3"=2") can couple to form five differ-
entJ” values withl <1, it is not possible to uniquely de-

termine the role of each component from the available data. A new analysis has been performed, In ord_er to see if a
. ) . new set of parameters could be found which simultaneously
The R-matrix formalism does, however, provide a conve-

. . fits the cross section and analyzing power data. The three-
nient means for assessing the role of the subthreshold stai@ o parametrization of Refi11] was used as a starting
If this level is formed withl,=1 and contributes signifi- '

: ) i point. The resonance energy and reduced widths ofithe
cantly to the total cross sectioR-matrix theory unambigu-  _ 1 - oyel atE, =310 keV are well determine@xcept for

pusly pred|c_ts that the dlfferenual Cross section aqd analythe signs of the reduced widthby the energy dependence
ing power will show large interference effects as this level isgq magnitude of théBe(p,d)®Be and °Be(p,«)®Li cross
approached at very low energies. sections near this resonance, and so the previously assumed

The R-matrix parameters found by Sierk and Tombrello parameters were used for this level. The properties of the
[11] are given in Table Il. The boundary-condition constantshigher-energy resonance Bt ,=410 keV were found to
are chosen so that the level shift vanishes at the energy of theave a rather minor effect on the cross section and analyzing
resonance for each spin and par®matrix theory[24] de-
scribes the energy dependence of the scattering matrix ele 10— 717 1
ments. The total cross section and angular distribution coef- .| ®Be(p,d)®Be
ficients are calculated from the scattering matrix elements
using formulas given in Ref24]. The relationship between 120
the analyzing power coefficients and the scattering matrix —
elements has been given by Welt¢h7]. Examples of .
R-matrix calculations of analyzing power coefficients are < so
given in Refs[25,26. -

In Figs. 4, 5, 8, 9, and 10 we show tl&efactor, angular I
distribution coefficients, and analyzing power coefficients 40
calculated from theR-matrix parameters given in Table II. ,
Note in particular Fig. 8, which shows that the analyzing  *°

power coefficientb; for the °Be(p,d)®Be reaction is pre- 0
dicted to be very large at low energies, in contrast to the
experimental data. The angular distribution coefficients cal-
culated in the present work are somewhat different than FIG. 10. The°Be(p,d)®Be S-factor data[11] (circles, com-
those given in Refl11]; the origin of the discrepancy is not pared to to the calculation using tiematrix parametrization of
understood. Ref.[11] (solid line).

100~

60

L | ' | ' | L | L | L | t
0 100 200 300 400 500 600 700
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power at very low energies, and so these parameters were not TABLE Ill. The adopted parameters for tff@e+n bound state
varied during the analysis. In addition, the=2 andl,=3 and the elastic-scattering potentials. The potentials are defined in
reduced proton widths from Ref11] were left unchanged terms of the parameters by E@).

for the same reason. This analysis differs from that of Sierk
and Tombrello[11] by the inclusion of analyzing power System Vr fo do Ws i a fe
data, which places additional constraints on the reaction am- (MeV) (m) (fm) (Mev) (m) (m) (im)
plitudes. The analysis was carried out using different value$pe+n 444 120 0.65 - - - i,
for the spin and parity of the 6.57-MeV level consistent with °Be+p 550 124 063 130 136 035 1.3
l,=1, as well as all possible combinations of signs for the®Be+d 1130 082 096 100 090 0.90 1.3
reduced widths of the 310-keV level. The=1 reduced pro-
ton widths and the reduced deuterons and alpha widths of the

subthreshold level were varied, subject to the constraint thajons where both the incoming and outgoing channels are
total width of this level be 26 keV. In agreement with Ref. pelow the Coulomb barrier give rise to angular distributions
[11], we found that it was possible to obtain a reasonableyhich are peaked at backward anglgg2]. The direct-
description of the total cross section and angular distributioneaction mechanism may thus provide a natural explanation
coefficients for several different parameter sets. However, ifor the observed anisotropy in th#e(p,d)®Be differential
was not possible to also fit the analyzing power data withcross section at low energies, without requiring the presence
these three-level parametrizations. We found that when thef an interfering subthreshold level. Another advantage of
parameters were adjusted to fit the anisotropy in low-energyeing below the Coulomb barrier is that the sensitivity to the
angular distribution coefficienig@rimarily a;), the predicted optical potentials is minimized, as the scattering waves are
analyzing power was very large, in contrast to the experiprimarily determined by the point-Coulomb potentials.
mental data A,<0.1 at the lowest energieslf the parity The distorted-wave Born-approximatigWBA) calcu-
6.57-MeV level is allowed to be negative, it is not possible tolations were carried out using the computer cedeLEMY
describe either the cross section angular distribution or ang33] which treats finite-range effects without approximation.
lyzing power data. We are thus led to conclude that the anThe ®Be+n bound-state potential and the elastic-scattering
isotropy in the low-energy angular distributionrist due to  potentials were taken to be of the form

interference effects from the 6.57-MeV level.

Vr
V(r)=-—
B. Direct-reaction calculations (r) 1+exd (r—Rg)/ag]
. There haye been several recent qalculat|0ns which use the 4iwWeexd (r—R)/a ]
direct-reaction framework to describe low-energy proton- - 5 +Ve(n), (6)
induced nuclear reactions. Direct-reaction studies of cross {1+exd(r—R)/a]}

section data only have been published ftri(p,a)*He
[27,28, YB(p,ay)®Be [29], and *°F(p, ap) %0 [30]. These
nonresonant reactions appear to have been successfully dghereR,=r,AY3, R=r /A3, V(r) is the Coulomb poten-
scribed using direct-reaction models. The predictive powetial resulting from a uniformly charged sphere of radRis
of these models is not clear, however, since in general thes rcAY3, and A is the target mass number. The adopted
results are quite sensitive to the adopted optical potentialgarameters are given in Table Ill. TRBe+p potential pa-
and spectroscopic factors. Another difficulty with the direct-rameters were taken from Ref34], which fit the elastic
reaction models is the inclusion of resonant contributions tescattering of protons byBe at higher energies. For obvious
the reaction mechanism. In spite of these limitations, theseeasons there are no data for the elastic scattering of deuter-
models appear to correctly describe the reaction mechanisens by®Be; we used a potential found from fitting the elastic
in certain cases, and are particularly useful for extrapolatingcattering of deuterons bYBe at higher energief85]. The
the measured cross sections to the extremely low energiepin-orbit potentials were neglected, as they were found to
needed in astrophysical applications. have a minor influence on the calculated cross sections and
We have investigated the possibility that the direct-analyzing powers. For the deuteron bound state, the Reid
reaction mechanism is making a significant contribution tosoft-core wave functiofi36] was used. The neutron bound-
the “Be(p,d)®Be cross section below tHg,=330 keV reso-  state parameters fotBe were taken from Ref31].
nance. This mechanism is suggested by the large spectro- The calculated astrophysicalfactor, angular distribution
scopic factor §=1.13) found previouslyf31] for the 8Be  coefficients, and analyzing power coefficients for
+n configuration in °Be. Furthermore, as a result of the °Be(p,d)®Be are shown by the solid curves in Figs. 11-13.
small 560-keVQ value for this reaction, both the incoming The calculated factor has been normalized by the spectro-
and outgoing channels will be below the Coulomb barrier forscopic factorS=1.13[31]. Also shown by the dashed curves
very low incident energies. As discussed in Rgf2] the is the calculation using only the point-Coulomb potential for
direct mechanism is selectively enhanced under these condire incoming and outgoing distorted waves. It is seen that the
tions. The presence of the weakly bound neutrdfy ( inclusion of the nuclear potential has a significant effect on
=1.67 Me) in °Be also favors the direct-pickup process atthe calculation. By varying the potential parameters, it was
very low energies, since the incoming proton can react atletermined that the calculation is primarily sensitive to the
larger radii where its wave function is less attenuated by theeal part of the nuclear potential in tf8e+d channel. Ap-
Coulomb barrier. It is also known that direct-transfer reac-parently, as a result of the small positi¢@ value of the



3444 BRUNE, GEIST, KARWOWSKI, LUDWIG, AND VEAL 57

100""\""|""|""|""_ 0-607""1""{""""1""|""|""|"‘_
90 9Be(p,d)®Be 7 0-40" 9Be(p,d)®Be )
80 (% - 0.20- -
i ] & oof e eee -
— L ] r == o o5 1
i 6ol —— ~0.R0r ]
S 501 -7 T T - -040r )
\-’40; =TT ¢¢ ] —0.80 [+
" b f : 5
30| o b . 0.05 o . ]
I $ 1 L °© °° o ]
20+ — ~ L - _ _ ° ]
. ? 6 ¢ : a 0 T o =
101 © B

N T E T E ~0.05 3

0 50 100 150 200 250 :
Bem. (keV) e
0.04| -

FIG. 11. Sfactor data for the’Be(p,d)®Be reactio11], com- 00
pared to the direct reaction calculations with the full optical poten- | |
tials (solid line) and the calculations with only point-Coulomb po- & o} ———e % e 00 % _ —
tentials(dashed ling r 1
-0.02F .
reaction, the outgoing deuterons have sufficient energy com- ~%%~ ]

e b v e b v e by v by Ly
pared to the Coulomb barrier to still be sensitive to the 0 50 100 150 200 =50 300 350 400
nuclear potential. Ecm. (keV)
As seen in I_:igs. 11-13, t_he full (_:al_culation including the 5 13 1he experimental®Be(p,d)®Be b, coefficients
nuclear poten_tla_ls gives a fair descrlp_tlon of &mmo_r a_nd . (circles, compared to the direct reaction calculations with the full
a good description of the cross section angular distributionytica| potentialgsolid line) and the calculations with only point-

and analyzing power coefficients at the lowest energies. Theoylomb potentialgdashed ling If not shown, the error bars are
poorer agreement with th® factor is clearly due to the ne- gmaller than the data points.
glect of theE,=330 keV resonance, as the elastic-scattering

potentials used in the DWBA calculation do not give rise to

[ any resonances in this energy range. The calculations predict

040~ °Be(p.d)®Be the backward peaking of the cross section angular distribu-
I tions (or large negativa, coefficien, in agreement with the

0.80 T T

e ] experimental data at the lowest energies. The small magni-
or . tude of the calculated analyzing power coefficients is in gen-
& ozo| ] eral agreement with the data, although they do not agree in
, detail. The inclusion of spin-orbit forces with strengths de-
—0.401 7 termined from higher-energy elastic scatter(i34,35 does
060 ] not significantly change the calculated analyzing power. We
veol ] conclude that the discrepancy in the analyzing power coeffi-

I ] cient is most likely due to a small amplitude from a distant
0,40 | e e state which is not included in the DWBA calculation. The
calculations show that the direct-reaction mechanism is very
I ] important at low energies. These findings differ from those
020} 4 reported in Ref[11], which indicated that the direct-reaction

I contribution to the cross section was negligible. Since the

0.30- i

oror ] %Be(p,a)bLi reaction is well described by the previous
s  oF R-matrix parametrization[11], and the direct-reaction
ook mechanism is expected to be less important for this reaction,
L no direct reaction calculations have been attempted for this
—0.201 reaction.
-0.30+ —
040500 50 200 250 500 950 400 V. CONCLUSIONS

Bem. (keV) We have measured angular distributions and analyzing

FIG. 12. The experimental®Be(p,d)®Be a, coefficients Powers for the®Be(p,d)®Be and*Be(p,a)°Li reactions for
(circles, compared to the direct reaction calculations with the full SEV€n energies with &E;<321 keV. A previous analysis
optical potentialssolid line) and the calculations with only point- Of total and differential cross section dafl] found that the
Coulomb potential¢dashed ling If not shown, the error bars are observed anisotropy in théBe(p,d)®Be differential cross
smaller than the data points. section could be explained by interference with a positive-
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parity subthreshold level at 6.57-MeV excitation 1fB. A Ref.[11]. This assumption is consistent with the aforemen-
survey of existing results for the spin and parity of the 6.57-tioned values assumed in R¢87]. However, as a result of
MeV level of 1°B indicates that this level most likely has the experimental data and analysis presented here, the uncer-
negative parity, although there exists no definitive determif@inty is considerably smaller ghan rep()(srtgd in Red], and
nation. Extending th&R-matrix analysis of Ref[11] to in- IS estimated to be-20%. The Beép,a) Li reaction has a
clude the analyzing power data measured in this experimenf@gnitude comparable t?ﬁe(p,d) Be at astrophysical en-
we conclude that it is not possible to explain the anisotropyerdies, and is well described by the previdesnatrix pa-
in the differential cross section by assuming interferencdametrization/11]. Thus the extrapolation of this cross sec-
from the subthreshold level. The data obtained using the pdion to lower energies should also be accurate within 20%.
larized proton beam were critical in reaching this conclusionConsequently, the destruction 8Be in stellar interiors can
as the previous analysi$1] based on unpolarized data could be calcula_ted with confidence in the nuclear cross sections.
not determine the role of the subthreshold state. We alsblowever, it must also be noted that other phenomena, such
carried out direct-reaction calculations for tABe(p,d)®Be ~ Mixing processes within _stars, must b_e l_Jnderstood_ before the
reaction. We find that the direct-reaction mechanism is cadepletion of the stable isotopes of lithium, beryllium, and
pable of accounting for the majority of th@,d) cross sec- bPoron can be completely understofd. .
tion at very low energies. In addition, the direct-reaction Fmallg/ we note that t(?e existing absolute cross section
model provides a simple explanation for the observed anisofdata for"Be(p,d)“Be and“Be(p,«)"Li at very low energies
ropy in the differential cross section. [11] have Iarg(_a error.:ésee, for exar_nple, Figs. 10 and)1tt

The most recent compilation of thermonuclear reactior@PPears practical with modern high-current accelerators to
rates [37] assumedS(0)=16.4 MeV b for each of the further reduce 'the uncertainty in the e_xtrapolauon by making
9Be(p,d)®Be and the °Be(p,a)CLi reactions. The previ- additional precise absolute cross section measurements at en-
ously reported experiment and analygisl] estimated the €rgies belowk, =100 keV.
sum of theS(0) values for the two reactions to be 38
MeV b, where the primary source of the error was the uncer-
tainty in the contribution from the subthreshold state. Our The authors would like to thank Z. Ayer, B. J. Crowe, S.
analysis indicates that the presence of this level does not legl Hale, L. Ma, D. C. Powell, and M. H. Wood for their
to an enhancement of the cross section at very low energieassistance in the data collection process. We also acknowl-
Contributions from the direct-reaction mechanigghown edge useful discussions with G. M. Hale and A. J. Sierk. We
for the °Be(p,d)®Be reaction in Fig. 1]l give rise to a would also like to thank B. Chaboyer for clarifying the roles
smoothly varyingS(E). In addition, any resonant contribu- of these reactions in the stellar depletion of beryllium. This
tion from distant levels will also give rise to a slowly varying work was supported in part by the U.S. Department of En-
S factor at very low energies. Thus, tt®factors for the ergy, Office of High Energy and Nuclear Physics, under
°Be(p,d)®Be reaction can be expected to extrapolateGrant Nos. DE-FG05-88ER40442 and DE-FG02-
smoothly from the lowest-energy measurements given i®7ER41041.
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