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Slope of the astrophysicalS factor for the 7Li „p,g…

8Be reaction

M. Spraker,1,2 R. M. Prior,1,2 M. A. Godwin,2,3 B. J. Rice,2,3 E. A. Wulf,2,3 J. H. Kelley,2,3 D. R. Tilley,2,4 and
H. R. Weller2,3

1Department of Physics, North Georgia College and State University, Dahlonega, Georgia 30597
2Triangle Universities Nuclear Laboratory, Duke Station, Durham, North Carolina 27708

3Department of Physics, Duke University, Durham, North Carolina 27707
4Department of Physics, North Carolina State University, Raleigh, North Carolina 27695

~Received 25 January 1999; revised manuscript received 26 July 1999; published 17 December 1999!

Polarized proton beams of 80 and 60 keV, and a biased target have been used to determine the slope of the
astrophysicalS factor for the 7Li( p,g)8Be reaction from direct measurements at proton energies from 40 to
100 keV for capture to both the ground and the first excited states of8Be. The results indicate anegativeslope
for both cases. Vector analyzing power measurements at 90° were also obtained for proton energies from 40
to 80 keV. It is shown that the negative slope can be accounted for by considering the effect of the subthreshold
resonance state at 16.6 MeV if the capture into this weakly bound, subthreshold state occurs at an effective
radius of about 46 fm. The effect of this state increases the extrapolated value of theS factor atEp50 from the
previous value of 0.3 keV b to the present value of 0.50 keV b.

PACS number~s!: 25.40.Lw, 27.20.1n, 24.70.1s
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I. INTRODUCTION

The radiative capture group at the Triangle Universit
Nuclear Laboratory~TUNL! has been engaged in a long ter
study of low-energy, radiative capture reactions on light n
clei. The current work discusses the latest study of
7Li( p,g)8Be reaction below 100 keV. Although this rea
tion is not known to have any major astrophysical imp
tance, this study demonstrates the subtleties involved in
trapolating capture reactions to astrophysical energies e
when data exist at very low energies.

The 7Li( p,g)8Be reaction was previously studied belo
80 keV using a polarized beam@1#. The results exhibited a
large ~0.4! analyzing power atuLab590°, indicating the
presence of a non-negligiblep-wave strength at these ex
tremely low energies. The astrophysicalS factor of the
7Li( p,g)8Be reaction was later accurately measured
tween 100 and 1500 keV@2#. Several efforts were made t
explain these data sets by assuming that theM1 strength
arises from the tails of the 11 resonances at 441 and 103
keV. All of these calculations have been unable to expl
the large analyzing power observed at 80 keV, especi
when cross section data are also considered@3,4#. Since the
amount ofp-wave strength in this energy region can play
significant role in extrapolating theS factor to E50, it is
important to attempt to understand its physical origin.

Traditional calculations of the7Li( p,g)8Be reaction at
energies below a few hundred keV have assumed p
s-waveE1 direct capture. In this model the analyzing pow
is identically zero. Adding the resonances mentioned ab
brings in p-wave strength which can generate nonzero a
lyzing powers. However, detailed calculations have not b
able to give a quantitative account of the observed cr
section and analyzing powers@3–6#. For example, direct
capture-plus-resonance calculations could not prod
enoughp-wave strength without assigning signs to the va
ous interfering amplitudes which contradicted both sh
model calculations and fits to higher-energy data@5#. This
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problem was finally overcome@6#, or so it seemed, by re
placing the direct capture description of theE1 strength used
in this model by two 12 resonances, having somewhat a
justable parameters and performing a pureR-matrix calcula-
tion, which also included the twoM1 resonances. This cal
culation succeeded in producing the larger analyzing po
as observed while simultaneously avoiding the proble
with the signs of the interfering amplitudes referred to abo
However, it also predicted an absolute cross section be
200 keV which is almost a factor of 2 smaller than th
measured in Ref.@2#, but in agreement with that of Ref.@7#.

In the present work it will be shown that a direct measu
ment of the slope of theS factor for the 7Li( p,g)8Be reac-
tion provides a new observable and new insight into
physics in this energy regime. Previous calculations had p
duced values for the slope and could therefore be dis
guished by a comparison with a measured value. For
ample, direct-capture-plus-resonances model calculat
@3,4# lead to a slope which is close to zero while the pu
R-matrix calculation of Ref.@6# mentioned above predicts
rather large positive slope. The results of the present w
indicate that the slope is actuallynegativein contradiction
with the results of these previous calculations. It will b
shown that the effect of the subthreshold state at 16.6 M
at positive energies is probably the dominant cause of
negative slope. The impact of this on the extrapolation of
S factor toE50 will be discussed.

II. EXPERIMENTAL METHOD

Previous studies at TUNL of the7Li( p,g)8Be reaction
were performed by stopping an 80-keV polarized prot
beam in thick evaporated7Li targets. These targets wer
fabricated in an evaporator facility, then transferred un
argon gas into the scattering chamber. While efforts to av
oxidation were taken, the present work eliminated this c
©1999 The American Physical Society02-1
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M. SPRAKERet al. PHYSICAL REVIEW C 61 015802
cern by using anin situ evaporator, thereby eliminating th
tricky transfer process.

The g rays in the previous works@1,3,4# were detected
with both NaI and high-purity germanium~HPGe! detectors.
Since the goal of the present experiment was to obtai
direct and accurate measurement of the slope of theS factor
for this reaction, measurements were needed at ene
lower than those previously attempted. While deconvolut
the high-resolution HPGe spectrum is an attractive opti
counting rates belowEp580 keV indicated that the effi
ciency of these detectors made this an impractical cho
For this reason three 25 cm325 cm NaI detectors were use
and the beam energy was varied in small steps by biasing
target. This method takes advantage of the high efficie
~total response is about 98% efficient! of the NaI detectors
while simultaneously giving incident beam energies in 5-k
increments. With a 25mA 80 keV beam, the target bias wa
varied from120 kV to 220 kV in 5 kV steps, which al-
lowed spectra to be obtained at beam energies from 6
100 keV. All beams were stopped in the target. The use
two programmable high-voltage power supplies~one for
positive and one for negative high voltages! permitted con-
trol of the time spent at each energy, as well as the total c
time. Individual times were adjusted to compensate for
rapidly decreasing count rate and provide similar statist
accuracy at each setting. A typical cycle lasted less than
with each energy receiving times as shown in Table I. Re
tively short cycle times allowed many cycles to be run d
ing the course of the experiment~about six 24-h days!, thus
greatly reducing systematic uncertainties between the
obtained at different energies.

One disadvantage of this technique is that it makes r
able charge integration difficult, if not impossible. Howeve
this disadvantage is offset by running with a very sta
beam current and cycling through all energies frequen
thereby canceling the effects of any long term drifts in be
current on the relative yields. The time spent at each ene
is a relative measure of the total number of incident proj
tiles at each energy. While this alone could leave some
certainty, the rather prolifica particle yield from the
7Li( p,a)4He reaction which has been previously measu
as a function of energy in this regime was used to test
present technique by a direct comparison with prior resu

There were two significant controls which were used

TABLE I. Energy-dependent data taking time periods during
typical target voltage cycle.

Energy~keV! Data taking time~s!

100 30
95 40
90 60
85 100
80 140
75 180
70 220
65 260
60 300
01580
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validate the accuracy of these data. First, the experiment
repeated with a 60-keV beam. Although previous tests us
beam viewers had indicated that there were no observ
effects on the beam spot size or distribution as a result of
target bias, the 60-keV measurements allowed testing of
observation since there were data between 60 and 80
obtained both by biasing the target negatively~thereby in-
creasing the beam energy from 60 up to 80 keV! and by
biasing it positively~thereby decreasing the beam energy
target from the incident 80 keV down to 60 keV!. Both mea-
surements gave the same slope in this energy region of o
lap, providing strong evidence that target biasing was
adversely affecting the measured values of the slope. Th
measurements with a 60-keV beam also provided very
portant new data between 40 and 60 keV. In this case, du
the very reduced count rates below 60 keV, the step size u
on the bias voltage was changed from 5 to 10 kV.

The second important control was the simultaneous m
surement of the7Li( p,a)4He reaction. These measuremen
were performed using a 500mm thick silicon surface-barrier
detector set at a scattering angle of 135°. This detector
contained in a tube which extended it beyond the grou
plane of the scattering chamber, as shown in Fig. 1. Bes
providing geometrical convenience, this arrangement an
0.1 mil Ni foil which covered the front face of the detecto
eliminated background effects due to low-energy scatte
protons and secondary electrons. Care was taken to be
that the silicon detector was collimated so that it saw the
target area. Since the count rate in this detector was a
100 times as great as theg-ray channel, good statistics wer
obtained. More importantly, this higher count rate made
much easier to obtain reliable energy-dependent data for
channel versus theg ray channels, even when doing on
energy at a time. Previous workers have obtained rather c
sistent data for the slope of theS factor in the7Li( p,a)4He
reaction. It was a requirement that the present experim
reproduce these values.

The three 25 cm325 cm NaI detectors used to detect t
g rays going to the ground (Eg517.3 MeV! and first excited
states (Eg514.3 MeV! of 8Be were placed so that two wer
at 90° on opposite sides of the beam line, and one was at
In addition, one of the 90° detectors was surrounded b
plastic anticoincidence shield which was used to reject c
mic rays. The rejection efficiency achieved during this e

FIG. 1. A sketch of the experimental setup showing the mou
ing flange for the Si detector and a NaI detector at 0°. The cir
represents the location of the 90° NaI detectors.~Not to scale.!
2-2
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SLOPE OF THE ASTROPHYSICALS FACTOR FOR THE . . . PHYSICAL REVIEW C 61 015802
periment was 98.5%. While the rejected spectra were ea
to analyze and made background subtraction unambigu
the results obtained with the unshielded NaI detectors w
in excellent agreement with those obtained with the shiel
detector.

III. DATA ANALYSIS

A. Extracting yields from spectra

The first step in processing these data was to extract s
from the raw spectra. Typical spectra from the unshield
and the shielded NaI detectors are shown in Fig. 2. A rela
yield was obtained by summing from one half-width abo
to two half-widths below the centroid of each peak. Cosm
ray background was subtracted from the region of interes
summing events above the region of interest and normaliz
this sum to the number of channels in the region of inter
before subtracting it.

Since the data were taken under similar beam and ta
conditions for all energies, the various yields could be co
pared once they were normalized to the same data ta
time. The results for the gamma-ray data from both 90°
tectors combined are shown in Fig. 3 for capture to
ground and to the first excited state of8Be. The figure con-
tains the data from both the 60-keV and the 80-keV be
runs, normalized in the region of overlap. It is important
note that the energy dependence in this region agrees fo
two runs, as desired.

B. Obtaining the slope of theS factor

The goal was to extract the slope of the astrophysicaS
factor from these data. ThisS factor is defined in terms of the
cross section according to

s~Ec.m.!5
S~Ec.m.!

Ec.m.
e231.29Z1Z2Am/AEc.m., ~1!

whereZ1 andZ2 are the charges of the projectile and targ

FIG. 2. Raw spectra for the7Li( p,g)8Be reaction both with
~below! and without~above! the active scintillating shield.
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m is the reduced mass in amu, andEc.m. is in keV. At the low
energies of this experimentS(E) was assumed to be a linea
function of energy:

S~Ec.m.!5S01S1* Ec.m.. ~2!

The validity of this assumption was tested by the ability to
the measured data with it.

The measured yield was an integrated yield from
beam energy to zero energy~the beam stopped in the thic
target! at each beam energy. In order to determineS0 andS1
from the data, an iterative calculation of the yield was ma
At each incident beam energy, the target was divided int
series of 1mg/cm2 layers. The yield was calculated for th
first layer, using assumed values of theS-factor parameters to
calculate the cross section at that energy. The energy los
the beam in that layer was calculated and the yield calc
tion was repeated for the next layer at the decreased ene
This proceeded until the yield was negligible for success
layers. The total yield was the sum of the yields for each
the layers. The energy losses for protons in lithium we
taken from Anderson and Ziegler@8#. This procedure was
done at each beam energy and applied iteratively, adjus
the S-factor parameters until a fit to the data was obtaine

C. The analyzing power data

A 25-mA polarized proton beam, obtained from th
TUNL atomic beam polarized ion source, was used to obt
all of the present data. The beam polarization was meas
using the spin-filter@9# technique, and was typically found t
be 0.6060.03. The direction of the spin of the incident bea
was reversed at the rate of 10 Hz, and data were sorted
spin-up and spin-down spectra. These spectra were then

FIG. 3. The 7Li( p,g0)8Be ~circular points! and 7Li( p,g1)8Be
~square points! yields at 90° from 40 to 100 keV. The open poin
are data from the 60 keV data set, and the solid points were ta
from the 80 keV set. The yields at each energy have been nor
ized to correspond to the same data taking time. The error
indicate the statistical uncertainties of the data points. When
shown, the uncertainty is smaller than the size of the data poin
2-3
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M. SPRAKERet al. PHYSICAL REVIEW C 61 015802
to extract a spin-up and a spin-down yield at each be
energy using the previously described procedure. The res
were then combined to calculate the analyzing pow
Ay(90°), at each energy according to

Ay~90°!5
Yu~90°!2Yd~90°!

~pd!Yu~90°!1~pu!Yd~90°!
, ~3!

whereYu andYd are the spin-up and spin-down yields a
pu,d are the polarizations of the spin-up and spin-do
beams, respectively.

IV. EXPERIMENTAL RESULTS

A. 7Li „p,a…

4He cross section data

The data obtained for the7Li( p,a)4He reaction atu
5135° are shown in Fig. 4. The data obtained with the
and 80 keV beams were normalized in the region of over
Note that the energy dependence exhibited by both data
is identical to within statistical uncertainty. The absolu
scale shown here was obtained by normalizing the pre
results to those of@10#. The data from@10# are also shown in
Fig. 4 for comparison, and it is seen that the agreemen
excellent.

The data of Fig. 4 for the present experiment were use
obtain values forS0 andS1, defined in Eq.~2!, by fitting the
data using the previously described iterative process.
values obtained wereS054964.4 keV b, andS150.036
60.003 b. These results are in excellent agreement with
previous results reported in@10#.

This result provides significant evidence that the pres
method of measuring the energy dependence of the c
section and of extracting the slope of theS factor from the
data is sound. It is also important to note that the slope of
S factor obtained from these high-statistics data is not ne
tive, indicating that there is not a systematic problem in t
technique which produces negative slopes.

FIG. 4. The 7Li( p,a) reaction yield normalized to the cros
section data reported by Rolfs and Kavanagh@10#. The arrows in-
dicate the data from Ref.@10#. The error bars indicate the statistic
uncertainties of the data points.
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B. The 7Li „p,g0,1…
8Be cross section data

The time normalized yields, obtained as described in S
III A, are shown for capture to the ground and first-excit
states in Fig. 3. These data were fitted in order to determ
the values ofS0 and S1. The absolute normalization of th
cross section was obtained by normalizing the present da
that of @2# at 98.3 keV. The results for the case of capture
the ground state (g0) were S050.5060.07 keV b andS1
5(29.563.2)31024 b. A negative slope was also obtaine
for the case of capture to the first excited state (g1), where
S051.8660.25 keV b andS15(22.560.5)31023 b.

The analyzing power data obtained for capture to
ground and first excited states at 90° are shown in Fig
Data are available only from 40 to 80 keV because the be
polarization was unstable for the 60 to 100 keV data set. T
results at 80 keV are in good agreement with previous res
@1,3,4# obtained by stopping an 80 keV beam in a7Li target.
The present results indicate that the analyzing power for c
ture to the ground state decreases from 0.4 to about 0.2
the energy decreases from 80 to 40 keV. The analyz
power results forg1 are consistent with zero@as are the 0°
results for both cases, as they must be~not shown!#.

V. INTERPRETATION AND CALCULATION

A. Implications of the negative slope

The slope of theS factors for the reactions12C(a,g)16O,
7Be(p,g)8B, and 16O(p,g0,1)

17F have been the subject o
several recent papers@11–15#. In the case of12C(a,g)16O,
the unknown relative phase between the 12 subthreshold
resonance and the lowest-lying above threshold 12 reso-
nance drastically affects the extrapolated values of theS fac-
tor @11#. Negative slopes are predicted by direct capture c
culations for both the7Be(p,g)8B and the 16O(p,g1)17F
reactions. As pointed out in@13#, since capture in both o
these reactions is external, theS factors at the relevant ener
gies are determined by the product of the spectroscopic
tor, the asymptotic normalization of the final-state wa

FIG. 5. The vector analyzing power at 90° for the7Li( p,g0)8Be
~open points! and 7Li( p,g1)8Be ~solid points! reactions. The error
bars indicate the statistical uncertainties of the data points.
2-4
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SLOPE OF THE ASTROPHYSICALS FACTOR FOR THE . . . PHYSICAL REVIEW C 61 015802
functions, and a pure Coulomb term. In both reactions,
weakly bound final state is responsible for the rise in thS
factor as the center-of-mass energy approaches 0. This
has been shown to be due to a pole atEg50 induced by the
weakly bound final states which are, in fact, halo in natu

It seems extremely unlikely that a similar effect is respo
sible for the negative slope which is observed in the pres
case of 7Li( p,g)8Be capture to the ground state since t
proton single-particle ground state of8Be is tightly bound by
over 17 MeV. Indeed, pureE1 direct capture calculation
predict a slope which is essentially zero below 100 keV, w
small differences in the various calculations arising from
different choices of potentials used to describe the scatte
state@2,4,5#. When the twoM1 resonances at 441 and 103
keV are added to this direct strength, as in Ref. 4, the sl
becomes positive. This was also found to be the case
pureR-matrix calculation of the reaction@6# which included
the same twoM1 resonances as above but used two2

resonances in place of a directE1 capture amplitude. In fact
a microscopic cluster model calculation of this reaction@17#
predicts a slope which is, although very slightly negati
almost zero and quite like that obtained from direct-captu
plus-resonances model calculations@2#.

B. Calculating the negative slope

To explain the negative slope, the effect of the bound1

state of 8Be at 16.6 MeV was considered. The influence
this state has not been included in previous work. This
most totally isospin mixed ‘‘protonlike’’ state is only boun
by about 630 keV~versus 17 MeV for the ground state! and
its T51 component is the analog of the~halo! ground state
of 8B @16#. In the capture to the ground state, this st
would enter as a subthreshold resonance.

An attempt to include this state in a direct-capture-pl
resonances model calculation, where it is populated
p-wave capture followed byE2 decay to the ground state
indicated that it had little or no effect for any reasonab
resonance parameters. However, its extended halolike na
can be observed when one performs a directp-waveE2 cap-
ture calculation of the7Li( p,g)8Be reaction leading to this
state. In this calculation the~final! state was represented as
p-wave single-particle state, generated using a Woods-Sa
potential which reproduced the experimentally known bin
ing energy~630 keV!. A plot of the direct capture integran
is shown in Fig. 6. This result is very similar to that of Fi
4 in @15#, which showed a plot for thep-wave (E1) direct
capture integrand leading to the halo1

2
1 state of 17F.

This observation led to a new calculation. Instead of s
ply adding the resonance amplitude to theE1 direct capture
amplitude, a form factor was inserted in the numerator of
resonance amplitude which allowed control of the region
space where the resonance contribution was located. The
malism for this is based on the direct semidirect model@18#,
which combines the direct amplitude and the resonance~se-
midirect! amplitude radial terms as
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h~r !

E2ER1 i
G

2

ux1~r !&, ~4!

Direct amplitude1resonance amplitude withh~r !

included,

wherex1(r ) is the incident wave function andu(r ) is the
wave function of the bound final state. The functional for
of h(r ) was that of a derivative Woods-Saxon potential@19#.
The parameters were adjusted to reproduce the radial de
dence observed in Fig. 6 as well as possible. The reson
parameters of the 16.6 MeV state were based on previo
determined values@20# and were

Ex516.626 MeV

~corresponding toER520.628 MeV!,

G tot5130 keV.

The strength ofh(r ) was adjusted to provide the best fit
the data. The deduced strength is consistent with the exp
mental value ofGg (70625 meV! @20# assuming a spectro
scopic factor of 1.0. A calculation was performed which i

FIG. 6. The integrand of theE2 direct-capture matrix elemen
leading to the 16.6 MeV state plotted as a function of the radiu

FIG. 7. The slope~solid line! of the calculatedS factor (S1) for
the 7Li( p,g0)8Be reaction as a function of the radius at which t
direct-capture integrand peaks for the 16.6-MeV 21 subthreshold
resonance in8Be. The dotted lines show the range of values
lowed by experiment.
2-5
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M. SPRAKERet al. PHYSICAL REVIEW C 61 015802
cluded the directE1 amplitude and the 16.6 MeV 21

subthreshold resonance only. The radius parameter of
form factorh(r ) was varied and the slope of theS factor was
computed as a function of this radius. The results are sh
in Fig. 7 along with the experimentally determined value
the slope. Figure 7 shows that the effective radius at wh
this subthreshold resonance is formed is 4663 fm. When the
cross section is calculated with this resonance included u
this effective radius, the results obtained are as shown in
8. As shown here, the weakly bound subthreshold state
play a significant role in determining the behavior of t
cross section at near-threshold energies. In this case,
responsible for an increase in theS factor atE50 from the
previously deduced value of about 0.3 keV b to the pres
value of about 0.5 keV b.

FIG. 8. Calculations showing the effect of the 16.6-MeV 21

subthreshold resonance in8Be on the low-energy behavior of theS
factor for the7Li( p,g0)8Be reaction. The short dashed curve belo
400 keV shows the calculation containing direct capture and
two higher M1 resonances. The long dashed curve includes
16.6-MeV subthreshold state in addition. The data shown in
figure are from Zahnowet al. @2#. The line segment between 0 an
100 keV, indicated by the arrow, is the deduced result from
present measurement.
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Although the slope and cross section of the present
perimental data belowEp5100 keV are well accounted fo
by this direct capture plus subthreshold resonance calc
tion, a full calculation which includes the higher lyingM1
resonances as well as other effects such as the couplin
other channels is needed. Attempts to describe all of
observables~including the angular distributions of cross se
tions and analyzing powers! of this and previous work using
a direct-capture-plus-resonances model has not been suc
ful. There are a considerable number of free resonance
potential parameters, including phases, which make such
culations somewhat arbitrary. A more complete microsco
model calculation is needed. However, the results of th
limited calculations point out the important role played
the weakly bound states when they are properly includ
These states should be included in any future works.

The results indicate that negative slopes ofS factors can
arise not only in the case when one is capturing to a wea
bound halolike state, but also in the case of capture to tig
bound states if a weakly bound subthreshold state is pres
as in the case of7Li( p,g)8Be.

VI. CONCLUSIONS

A new method has been employed to directly measure
low-energy slope for the astrophysicalS factor of the
7Li( p,g)8Be reaction. It uses a computer-controlled pow
supply to bias the target in steps allowing for measurem
of the integrated yield at several different incident energ
around a single beam energy. Due to the rapidity of the s
ping procedure data at very different energies can be ta
under the same beam and target conditions.

The study of the7Li( p,g)8Be reaction has shown that a
low energies, previously made assumptions about the r
tive simplicity of radiative capture reactions are unfounde
The results discussed in this paper indicate that the slop
the astrophysicalS factor can be strongly affected by bot
subthreshold and positive energy resonances in the res
nucleus. Future extrapolations of theS factor to astrophysi-
cally relevant energies should take this into account.
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