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Polarized proton beams with energies from 80 to 130 keV have been used to determine the slope of the
astrophysicalS factor for the6Li sp,g0d7Be and6Li sp,g1d7Be reactions. The slope was determined from the
relative yields at five incident proton energies. The slope of theS factor was found to be negative. The
analyzing power measurements indicate that the reaction proceeds predominately bys-wave capture. The
negative slope does not appear to be due to low-binding-energy effects, the effects of nearby resonances, or
electron screening of the nuclei. A resonating group model calculation demonstrates a new mechanism for
producing a negative slope at astrophysically relevant energies in radiative capture reactions.
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I. INTRODUCTION

The low-energy behavior of many proton radiative cap-
ture reactions is important in nuclear astrophysics. In many
cases, the cross sections at the energies of interest(in the
so-called Gamow window) are not directly measured be-
cause the cross sections are extremely small. The needed
cross sections must be obtained by extrapolating measured
values at higher energies to very low energies. The extrapo-
lation is usually performed using the astrophysicalS factor,
which removes the rapidly changing part of the cross section
arising from penetrating the Coulomb barrier. Knowledge of
the rate of change of theS factor with energy at very low
energies is needed to perform a reliable extrapolation. Al-
though this is frequently determined by the use of a direct-
capture-model calculation, there are cases when this does not
suffice. Low-energy resonances or subthreshold states can
affect the extrapolation. In this work the results of a mea-
surement of the slope of the astrophysicalS factor for the
6Li sp,gd7Be reaction are reported, and a new mechanism is
introduced to explain the observed slope.

The 6Li spW ,gd7Be reaction was previously studied in this
laboratory using polarized protons at a beam energy of
80 keV by Laymonet al. [1]. The results were analyzing
powers with values of zero(to within the errors) at all angles
in contrast to the very large analyzing powers measured for
angles near 90° for7Li spW ,g0d8Be at 80 keV[2,3]. The large
analyzing power observed in the7Li spW ,g0d8Be reaction indi-
cated significantp-wave contributions at that low energy,
attributed to the influence of nearby states in8Be [3]. The
zero analyzing power for6Li spW ,gd7Be was taken as evidence
for the predominance ofs-wave capture effects in that reac-
tion [1]. Subsequently, the energy dependence of the low-
energy astrophysicalS factor for the7Li spW ,g0d8Be reaction
was measured by Sprakeret al. [4]. Those measurements
showed that the astrophysicalS factor increases as the proton

energy decreases below 100 keV, producing a negative slope
with energy.

Negative slopes for low-energyS factors are known to
occur in situations where the particle binding energy of the
final state is very small due, essentially, to the extended tail
of the final (weakly bound) state wave function. This phe-
nomenon, observed in the cases of7Besp,g0d8B and
16Osp,g1d17F, was discussed in the recent papers by
Mukhamedzhanov and Nunes[5] and Jenningset al. [6].
However, the proton binding energy of the ground state of
8Be is 17.26 MeV so that another reason must be the cause
of the negative slope for7Li sp,g0d8Be. Sprakeret al. ex-
plained this negative slope of theS factor as due to the in-
fluence of a subthreshold state in8Be. A negative slope at
low energy for theS factor of the7Li sp,ad4He reaction[7,8]
has been shown to be caused by electron screening of the
target nucleus.

The situation for6Li sp,g0d7Be and6Li sp,g1d7Be is inter-
mediate between 7Li sp,g0d8Be and 7Besp,g0d8B or
16Osp,g1d17F because the proton binding energies of the
ground and first excited states in7Be are 5.61 MeV and
5.18 MeV, respectively. Also there are no states in7Be close
enough to the region of excitation energy reached by low-
energy proton capture on6Li (see Fig. 1) which could be
expected to have any significant effect. Cecilet al. [9] mea-
sured the branching ratio of6Li sp,g0d7Be and6Li sp,g1d7Be
with respect to6Li sp,ad3He from 45 to 170 keV and de-
duced theS factors for6Li sp,g0d7Be and6Li sp,g1d7Be as a
function of energy. Their results gave a positive slope for the
S factor. Switkowskiet al. [11] measured the6Li sp,gd7Be
cross section from 160 to 1150 keV. Their data points are all
at energies above the present data set and show anS factor
that increases with increasing energy. Barker’s analysis[10]
of the data of Switkowskiet al.does have a negativeS-factor
slope for6Li sp,g0d7Be and6Li sp,g1d7Be at energies below
the range of the data. The present measurements were under-
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taken to examine this discrepancy in the previous measure-
ments of Cecilet al. and Switkowskiet al. and to look at a
reaction where the binding energy of the final state is inter-
mediate between 0.1 MeV and 17.3 MeV.

II. EXPERIMENTAL METHOD

The experimental setup was the same as that used by
Sprakeret al. [4] and will be described only briefly here.
The TUNL atomic-beam-polarized ion source produced an
80-keV beam of protons. The proton beam was then further
accelerated by biasing the target with a negative high volt-
age. Beam currents were typically 20–30mA on target. Two
separate data runs were made, one with target-bias voltages
of 0, −15, and −30 kV and a second with voltages of −30,
−40, and −50 kV. This produced data for beam energies of
80, 95, and 110 keV for the first run and 110, 120, and
130 keV for the second. During each run the target voltages
were controlled by the data acquisition system such that the
time spent at each bias voltage produced approximately the
same number of counts. The time for a complete cycle of
voltages was about 10 min so that effects due to changes in
beam current or target conditions were minimized over the
course of a typical 12-h run. Because of the high voltage on
the target, the beam current was not integrated and the times
at each voltage were used for normalization of the different
energy data points within a given data set. The two data sets
were normalized together at the 110-keV points.

The target was produced by anin situ evaporator in the
target vacuum chamber. A shielded tungsten boat, which

could be moved in front of the 3-mm-thick aluminum target
backing, was used to evaporate enriched6Li (99%) onto the
backing. The target was replenished approximately twice
daily during the weeklong data runs. The lithium layer which
was deposited was thick enough to stop the proton beam.
Target conditions were monitored by observing the counting
rate as a function of time.

The gamma rays from the6Li sp,g0d7Be and6Li sp,g1d7Be
reactions were detected by two large high-purity germanium
detectors(123% and 140% efficient relative to 39339 NaI).
The detectors were positioned at 90° on either side of the
target chamber. The data acquisition system sorted the spec-
tra for each detector according to target bias voltage and the
beam polarization, which was switched between spin-up and
spin-down configurations at a frequency of 10 Hz.

III. DATA ANALYSIS

A. Extracting yields from spectra

A gamma-ray spectrum obtained using 130-keV protons
is shown in Fig. 2. The full energy peaks and the first and
second escape peaks for the ground-state and first-excited-
state gamma rays are indicated in the figure. The broadening
of the low-energy sides of the peaks is due to events gener-
ated by protons which have lost energy as they stop in the
thick target.

The yield of each spectrum was obtained by fitting a lin-
ear background to the region on each side of the peak. The
yield was the sum of the counts in the peak with the linear
background subtracted. The yields of the full-energy peaks
and the first-escape peaks for the6Li sp,g0d7Be and
6Li sp,g1d7Be reactions were extracted for each spectrum. As
a result of the energy cycling procedure, spectra at different

FIG. 1. Energy diagram of the known lower-energy states[12]
in 7Be showing the gamma transitions observed in the present
experiment.

FIG. 2. Gamma-ray spectrum obtained with 130-keV protons.
The top of the figure shows the spectrum above 2 MeV. The bottom
shows the expanded region of interest and shows the broadening of
the peaks due to the protons slowing in the target.
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energies in each of the two data sets were obtained with the
same beam and target conditions. This made it possible to
obtain the energy-dependent yields by normalizing the data
to the same acquisition time. The results from the two sepa-
rate data sets were normalized together using the overlapping
data at a proton energy of 110 keV. The statistical uncertain-
ties of the yields(including background subtraction) were
included in the normalization process. It was assumed that
the gamma rays were emitted isotropically in agreement with
the measurements of Laymonet al. [1].

The yields from the ground-state and first-excited-state
transitions can be used to calculate the branching ratio for
these transitions. The ratio of the efficiencies of the detectors
at 5.29 and 5.72 MeV is 1.053±0.027[12]. Using this and
the ratios of the net counts in the two peaks, the ratio of the
first-excited-state yield to the ground-state yield is
0.577±0.017. This results in branching ratios of
s63.4±1.9d% and s36.6±1.9d% for the ground-state and
first-excited-state transitions, respectively. Within the uncer-
tainties of the individual spectral yields, these ratios were
constant over the energy range of this experiment. These are
consistent with the values from Ref.[9] of 0.60 and 0.40, the
values from Ref.[11] of s59±3d% and s41±3d%, and the
values of 62% and 38% in Ref.[13].

B. Obtaining the slope of theS factor

Values of theS factor could not be extracted from the
yields at each beam energy because the beam current was not
integrated, but the slope of theS factor could be extracted by
fitting the integrated yields obtained at the incident beam
energies of 80, 95, 110, 120, and 130 keV.

Since the proton beam stops in the target, the measured
yield is the total yield from beam energy to zero. This yield
can be written as

YsEpd = CE
Ep

0 ssEdf

esEd
dE, s1d

where Ep is the proton beam energy,ssEd is the energy-
dependent cross section,f is the atomic fraction of the target,
andesEd is the stopping power of the target for protons. The
constantC includes the total number of incident protons and
the detector solid angle and efficiency. In the present mea-
surements this constant is proportional to the time spent at
each value of the target bias voltage. The cross section can
be written in terms of the astrophysicalS factor as

ssEc.m.d =
SsEc.m.d

Ec.m.
e−2ph, s2d

where h is the Sommerfeld parameter and
2ph=31.29Z1Z2 sm /Ec.m.d1/2. HereZ1 andZ2 are the projec-
tile and target charges, respectively,m is the reduced mass in
amu, andEc.m. is the center-of-mass energy in keV. The en-
ergy dependence of theS factor at the low energies of this
experiment was assumed to be linear:

SsEc.m.d = S0s1 + S1Ec.m.d. s3d

Using this form for theS factor puts all of the data normal-
ization factors into the constantS0 and puts the unknown

energy-dependent part of the cross section in the constantS1.
The yield for a given beam energy can be calculated from
Eq. (1) using the values ofS0 andS1.

To compare the measured and calculated yields, the inte-
gral was evaluated numerically. The target was divided into
1-mg/cm2 layers, each of which corresponds to an energy
loss of less than 1 keV in the target material. The stopping
power of the target was calculated using the energy loss
equations of Anderson and Ziegler[14]. The yield for the
first layer was then calculated using arbitrary starting values
of S0 and S1. The energy loss for the layer was calculated,
and the yield calculation was repeated for the next layer at
the decreased energy. This process was repeated until the
yield of a layer was less than 0.1% of the yield for the first
layer. The total yield at that beam energy was the sum of the
yields from all the layers of the target. This process was
performed for all five beam energies and repeated iteratively,
adjusting the values ofS0 andS1 until a best fit to the data
was obtained. The uncertainties in the values ofS1 were
obtained from the error matrix of the fit[15] and thereby
from the statistical uncertainties associated with experimen-
tal yields and included the effects of background subtraction.

The target material is believed to be Li2O due to oxidation
of the evaporated lithium metal due to residual oxygen in the
vacuum system as discussed below. In the fitting procedure
the target was assumed to be Li2O. Other possibilities are
that the target could have been pure Li or LiOH(due to water
vapor in the vacuum system). The latter case is unlikely be-
cause of a liquid-nitrogen cold trap less than a meter from
the target. The fitting procedure was repeated, assuming that
the target composition was either pure lithium or LiOH. The
extracted values forS1 were identical to the value obtained
when the target was assumed to be Li2O.

The supposition that the target is Li2O is supported by
different observations. In the experiment of Sprakeret al. on
the 7Li sp,gd8Be reaction, the7Li sp,ad8Be was also ob-
served. Its much higher cross section allowed for the obser-
vation of variation of the yield over a short time span. Dur-
ing that experiment the counting rate decreased rapidly in the
first several minutes after a new target was evaporated, lev-
eled off at 40–45 % of the initial rate, and then stayed con-
stant at that reduced rate for many hours. Calculations of the
yield integral show that the ratio of yields for a thick6Li2O
target to a thick pure6Li target is 0.433. This indicates that
the target was completely oxidized very soon after being
evaporated and exposed to the beam and remained the same
for many hours. This calculated ratio of yields is independent
over a wide range of values ofS0 andS1 used in the calcu-
lation. It was also noticed that the nearly opaque, reflective
layer of Li metal which was deposited on the viewing win-
dow of the target chamber during each evaporation of a new
target changed to a nearly transparent form within several
minutes after a new evaporation, indicating a change in
chemical composition.

C. Analyzing power data

The first data set at 80, 95, and 110 keV used the unpo-
larized beam from the TUNL atomic beam polarized ion

ENERGY DEPENDENCE OF THE ASTROPHYSICALS… PHYSICAL REVIEW C 70, 055801(2004)

055801-3



source so that no analyzing power data were taken during
that run. For the second data set at 110, 120, and 130 keV the
proton beam was polarized alternately in two different spin
states. The beam was switched between the two spin states at
a rate of 10 Hz. The beam polarization in each state was
measured by the spin-filter technique[16]. The beam polar-
izations in the two states were 0.60±0.05 and 0.77±0.05.
The data at each beam energy were sorted into separate spec-
tra for each spin state. Using the procedure described above,
the yields were extracted for each spin state at each beam
energy. From the yields for the two spin states at 90°, the
analyzing power was then calculated using

Ay =
sY1 − Y2d

sp2Y1 + p1Y2d
, s4d

whereY1 sY2d corresponds to the yield for spin-up(down)
protons and wherep1 and p2 are the beam polarizations for
the respective spin states.

IV. EXPERIMENTAL RESULTS

A. Slope of theS factor

The measured yields as a function of beam energy are
shown in the top half of Fig. 3 for the ground-state transition.
The error bars give the statistical uncertainty in the yields.
The two curves shown are the best fits to the results assum-
ing that theS factor is constant with energy(dashed curve)
and that theS factor varies linearly with energy(solid curve).
The solid curve clearly represents the data better. For this
curve the slope parameterS1 is −0.0037±0.0009 keV−1. The
results for the first-excited-state transition are shown in the
bottom of Fig. 3. The two curves are again the best fits to the

data with the same notation as above. The value ofS1 for the
solid curve is −0.0060±0.0005 keV−1. The uncertainties in
S1 are obtained from the error matrix of the fit[15].

The value ofS0 could not be extracted from the present
measurements because the target biasing prevented integra-
tion of the incident beam. Laymonet al. [1] used a very
similar apparatus for an 80-keV beam on a thick target and
determined a value ofS0=0.0269±0.0054 keV b. However,
in their analysis they assumed a constantS factor below
80 keV and assumed a pure6Li target despite the fact that
the target was evaporated remotely and then transferred to
the target chamber. Their value must thus be corrected for
both of these effects. If theS1 discussed above is used, their
value ofS0 is increased by a factor of 1.277. Accounting for
the lower yield of a Li2O target increasesS0 by an additional
factor of 2.288. These corrections changeS0 to
0.079±0.018 keV b. Because of the similarity of techniques
in the two experiments, this value has been adopted for the
present experimental results.

Figure 4 shows the results of the present measurement
along with the previous results for6Li sp,g0d7Be. The solid
line is the present result obtained from the analysis discussed
above. The dashed line is the result from Cecilet al. [9]. The
data points shown are the lower-energy data of Switkowski
et al. [11]. The result of Barker’s[12] fit is the dash-dotted
line. The dotted lines, labeled RGM1 and RGM2, are the
results of the new resonating group calculations discussed
later.

B. Analyzing power results and discussion

The analyzing powers at 90° determined at 110, 120, and
130 keV are shown in Fig. 5 for the ground-state and first-
excited-state transitions. The error bars are due to statistical
uncertainties and uncertainties in the beam polarization. The
results are consistent with zero at all three energies. In the
previous measurements of Laymonet al. [1] at 80 keV, the
analyzing powers were also zero at all angles between 0° and
120°. Their analysis concluded that thep-wave contribution
to the total cross section was 0.11% ±0.13%. The present

FIG. 3. Measured yields for6Li sp,g0d7Be and 6Li sp,g1d7Be.
The error bars indicate the statistical uncertainty. The dashed lines
are the calculated fits assuming theS factor is constant. The solid
lines are the calculated fits assuming theS factor varies linearly
with proton energy.

FIG. 4. The result of the present measurement(solid line) along
with the previous results of Ref.[9] (dashed line) and Ref.[12]
(dash-dotted line). The resonating group calculations are shown as
the dotted lines. The data points shown are from Ref.[11].
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analyzing power results support the conclusion that the
6Li sp,gd7Be reaction proceeds entirely bys-wave capture
andE1 radiation.

V. DISCUSSION AND CALCULATIONS

A. S-factor slopes

The experimental slope parameterS1 was determined to
be negative for both the6Li sp,g0d7Be and6Li sp,g1d7Be re-
actions. The actual slope of theS factor with energy is the
product of S0 and S1, where S0 is the value ofS at zero
energy. The slope for6Li sp,g1d7Be cannot be calculated
since S0 was not extracted for that reaction. For the
6Li sp,g0d7Be reaction, the slope is −0.00029±0.000096 b.
The slope from Barker’s fit[10] to the data of Ref.[11] is
−0.00016 b for6Li sp,g0d7Be, about half the present value.
The value ofS0 from Barker’s analysis is 0.0643 keV b,
compared with the present value of 0.079 keV b. The data of
Cecil et al. [9] showed anS factor increasing with energy
sslope= +0.00024 bd in contradiction with the present data.
Those data do give a value of 0.039 keV b forS0, about half
the present value. Their data for6Li sp,g1d7Be also give a
positive slope of 0.00016 b. Cecilet al. measured the
branching ratio of the6Li sp,g0d7Be and6Li sp,g1d7Be yields
with respect to the yield of the6Li sp,3Hed4He reaction,
rather than directly as for the present data and the data of
Switkowski et al. [11].

B. Direct-capture calculations

Simple direct-capture calculations were made with the
codeHIKARI [17]. The bound-state wave function was calcu-
lated assuming the state consisted of a proton bound in the
Woods-Saxon potential of the target nucleus. The depth of

this potential was adjusted to give the observed binding en-
ergy of the final state. Because of the low proton energies,
incident plane waves(with Coulomb distortions) were as-
sumed. AlthoughE1, M1, andE2 direct-capture terms were
included, the calculated cross section was dominated in all
cases bys-waveE1 radiation in agreement with the observa-
tion above that the measured analyzing powers indicate that
only s-wave absorption occurs below 130 keV. Similar cal-
culations performed for the7Besp,g0d8B and 16Osp,g1d17F
reactions were able to reproduce the observed negative
slopes in those reactions. However, the calculated slopes for
7Li sp,g0d8Be, 6Li sp,g0d7Be, and6Li sp,g1d7Be are all zero
for these direct-capture calculations. In summary, this simple
direct-capture model cannot reproduce the observed values
of S1 for the 7Li sp,g0d8Be, 6Li sp,g0d7Be, and6Li sp,g1d7Be
reactions.

Barker[10] calculated cross sections for neutron and pro-
ton capture by6Li by means of a direct-capture potential
model and compared the results with experimental data. His
calculations were different from the present direct-capture
calculation in that different potentials were used for different
incident partial waves and in that the analysis covered a
much wider energy range than considered in the present
work. Barker determined the parameters of thes-wave scat-
tering potential by adjusting them in order to fit the complex
scattering length determined from measurements of6Li+ n
reactions. The results of this procedure produced a potential
having a very small real-potential depths23.63 MeVd and a
large surface-absorption-potential depths11.11 MeVd. The
bound-state potential had the same real depth and radius used
in the Hikari calculations described above. Barker’s fits
agreed fairly well with the6Li sp,gd7Be data of Switkowski
et al. [11] over the energy range from 200 keV to 1200 keV
although the calculated cross sections were about a factor of
2 higher than the lowest-energy data point.

The codeHIKARI assumes the same optical-model poten-
tial for all partial waves. However, in the proton energy
range below 130 keV the reaction is dominated bys-wave
absorption so that the optical-model potential for the code
HIKARI could be taken to be Barker’ss-wave potential. The
result of this calculation produced anS factor having a small
negative slope. The value ofS1 was −0.0016, a factor of 2
smaller than the present experimentally determined value but
in agreement with Barker’s calculated value. Barker’s scat-
tering potential parameters were also used in an optical-
model calculation of the6Li+ p reaction in which the total-
reaction cross sectionsT was calculated. The calculated
value of the total-reaction cross section for this potential at
proton energies between 100 and 200 keV is about 4 times
larger than the accepted experimental cross section of the
6Li sp,ad3He reaction[18], which dominatessT.

Further searches of the potential parameter space could
produce even better fits to the data. However, the physical
meaning of the parameters thus obtained is not clear. The
problem is more likely in the simplicity of the model itself. A
multichannel model that explicitly includes all of the open
reaction channels and a more realistic representation of the
7Be ground state seem to be needed here.

FIG. 5. Measured analyzing powers for6Li sp,g0d7Be and
6Li sp,g1d7Be. The error bars include the statistical uncertainties and
the uncertainties in the beam polarization.
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C. Effects of nearby states

As previously mentioned, the calculated slope using the
direct-capture model was found to be zero in the case of the
7Li sp,g0d8Be reaction. The observed negative value ofS1

was, in that case, reproduced by the inclusion of a 2+ sub-
threshold state in8Be [4]. The large analyzing power for
7Li sp,g0d8Be has also been shown to be due to 1+ states in
8Be at energies a few hundred keV above the excitation re-
gion studied[3]. The possibility of explaining the negativeS1
for 6Li sp,gd7Be in a similar manner was considered. An en-
ergy diagram of the known lower energy states[12] in 7Be is
shown in Fig. 1. The excitation region studied is more than
1 MeV from the nearest known state in7Be. Additionally, the
nearest states have spins and parities of either 7/2− or 5/2−.
The 7/2− state could only be produced by the absorption of
f-wave incident protons, and the 5/2− states could only be
produced by the absorption ofp-wave or f-wave protons.
Decay to the ground state would then produceM1 or higher
multipole radiation. A significantM1 amplitude would be
expected to interfere with thes-waveE1 amplitude and pro-
duce a nonzero analyzing power at 90° in conflict with the
measured analyzing power. It is therefore concluded that the
effects of other known states in7Be could not account for the
observed negative value of theS1 parameter.

D. Effects of electron screening

There have been measurements of low-energy cross sec-
tions for various light elements from which the effects of
atomic electron screening have been deduced(see Ref.[8]
and references therein). The standard form for the astro-
physicalS factor as defined in Eq.(2) above transforms the
cross section into a form where thes-wave Coulomb pen-
etrability is factored out, leaving the presumably slowly
varying S factor. This treatment assumes a projectile and
target nucleus with no electron clouds present: i.e., bare nu-
clei. At low energies this is not a valid approximation for the
usual experimental situation[7]. The effective repulsion be-
tween the projectile and target is reduced by the electron
screening effects, increasing the low-energy cross section.
This can be described by an enhancement factor[8]

f labsEd =
sssEd
sesEd

= expSphUe

E
D , s5d

where sssEd and sesEd refer to the cross sections for
electron-shielded and bare nuclei, respectively. The Sommer-
feld factor is h, and Ue is the electron screening potential
energy[7], which is the difference in the electron binding
energies of the atoms in the entrance channel and of the
composite atom in the adiabatic limit. Lattuadaet al. used
the Trojan horse method[8] to extract the bare-nucleusS
factor for the7Li sp,ad4He reaction. From this they empiri-
cally determined a value for the electron-screening potential
energy,Ue=330±40 eV, for protons incident on7Li. This
value ofUe has been used with Eq.(4) above to estimate the
effects of electron screening on theS factor for6Li sp,gd7Be.
In the present experiment the protons striking the target slow
down from the beam energy to zero within the target. How-

ever, most of the yield occurs for the higher energies in the
target because the cross section decreases exponentially with
decreasing proton energy. Table I shows the calculated ener-
gies at which 50% of the yield has been producedsE50d and
at which 90% of the yield has been producedsE90d. From Eq.
(5) it is possible to calculate the slope of the cross section
ratio, which is the same as the slope of theS factor at a
specific energy. Table I shows this slope in the last two col-
umns; the slopes are evaluated at the energiesE50 andE90. If
the bare-nucleusS factor is assumed to be constant with
energy as indicated by the direct-capture calculations, then
the S-factor slopes in Table I are the slopes of the electron-
screenedS factor at the indicated energies and can be com-
pared directly with the value ofS1 extracted in the present
experiments−0.0037±0.0009 keV−1d. It can be seen that the
experimental value is about an order of magnitude larger
than the calculated values so that electron screening effects
are not large enough to explain the present data.

E. Resonating-group-model calculations

The astrophysical S factors for the reactions
4Hes3H,gd7Li and 4Hes3He,gd7Be were calculated in the
framework of the resonating group model in Ref.[19] [re-
ferred to subsequently as Mertelmeier and Hofmann(MH)].
The calculated values agreed reasonably well with the data
when the coupling to the closed channels6Li-nucleon was
taken into account. Simple wave functions for the fragments
3H, 3He, 4He, and6Li were used for these calculations. These
calculations have now been extended to describe the radia-
tive capture reaction6Li sp,gd7Be in the presence of the open
3He-a channel.

For this calculation(RGM1) the simple wave functions
for 3He anda, given implicitly in the7Li wave functions in
Appendix 2 of MH, were used. They consisted of one width
parameter for thea and two for the3He. For the6Li ground
state the pures-wave part as given in Eq.(A14) of MH was
used. For the radial wave functions between the fragments,
20 width parameters similar to those given below Eq.(22) of
MH were used. This simple model predicts the7Be ground
state 1.5 MeV below thea-3He threshold and the6Li- p
threshold 5.3 MeV above thea-3He threshold. The bound-
state wave function in the capture calculation included all the

TABLE I. E50 and E90 are the calculated proton energies at
which the yield is 50% and 90% complete.S1s50d and S1s90d are
the values of theS1 slope parameter due to electron screening at the
energiesE50 and E90. The value ofS1 from the present data is
−0.0041±0.0009 keV−1.

Beam energy
(keV)

E50

skeVd
E90

skeVd
S1s50d

skeV−1d
S1s90d

skeV−1d

80 71.5 55.5 −0.00044 −0.00086

95 84.1 64.2 −0.00029 −0.00058

110 96.7 72.6 −0.00020 −0.00042

120 104.9 77.9 −0.00016 −0.00035

130 113.2 83.3 −0.00013 −0.00030
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20 radial width parameters. Using the effective nucleon-
nucleon force as given in Appendix 3 of MH, only theE1 s
waves contribute below 1 MeVEc.m. to the 6Li+ p capture
with the 2S1/2 dominating and the4S3/2 being a 5% correc-
tion. All the other partial waves and the multipolaritiesE2
and M1 are well below the one percent level. The value of
the S factor actually reproduces the value adopted in this
work and, as shown in Fig. 4, a negative slope, albeit some-
what smaller than observed.

Since the 6Li- p threshold was calculated to be about
1 MeV higher than in nature, a second calculation(RGM2)
which reproduces this threshold much better was used to
estimate the uncertainties in this simple model. For this pur-
pose the wave functions determined for the scattering calcu-
lation in Ref.[20] were used for the fragments—namely, two
width parameters for3He and a and, for the 6Li, an
a-deuteron configuration withs waves andd waves on the
relative coordinate, one width parameter for the internala
and deuteron, and two width parameters on thea-deuteron
coordinate(for details, see the Appendix of Ref.[20]). The
same radial parameters as above were taken here. The calcu-
lated6Li- p threshold of +4.05 MeV relative to3He-4He and
the calculated ground-state energy of −1.33 MeV are close to
the experimental values.

The calculatedS-factor values from RGM2 are quite a bit
higher than for the first calculation. This is due to the smaller
width parameter used for the6Li wave function. This leads to
a bigger rms radius and thus to a larger cross section at low
energies since the particles touch each other earlier. The be-
havior of theS factor with energy is almost the same for
RGM1 and RGM2. The value ofS1 of Eq. (3) was found to
be −0.0013 keV−1 for RGM1 and −0.0015 keV−1 for RGM2,
as compared with the experimental value of
−0.0037±0.0009.

The S factors from both calculations are shown in Fig. 4.
In both cases theS factor falls with increasing energy. This
fact was also found for the capture reactions4Hes3H,gd and
4Hes3He,gd and is attributed to thes-wave scattering phase
shifts also falling with energy[see Figs. 8 and 9(a) of Ref.

[19]]. The falling scattering phase shifts are due to the un-
derlying Pauli-forbidden state in this channel. It is the cou-
pling to the strong6Li sp,ad channel which gives rise to this
result. Only a coupled-channel calculation is able to generate
the negative slope arising from this effect.

The calculated values are only in fair agreement with the
data. Unfortunately, the crude model cannot easily be im-
proved, as the complicated6Li wave function studied in MH,
which reproduced all bound-state properties very well, yields
a binding energy close to thea-3He threshold. Since this
threshold can only be lowered by a more realistic potential,
such a calculation is out of reach at the moment.

VI. CONCLUSIONS

The energy dependence of the astrophysicalS factor has
been extracted for the6Li sp,g0d7Be and6Li sp,g1d7Be reac-
tions for proton energies below 130 keV. The results areS
factors that decrease significantly with increasing energy. Ex-
planations in terms of the binding energy of the final state,
nearby states in the final nucleus, and electron-screening ef-
fects all fail to reproduce these results. The calculations of
Barker[10] do produce a negative slope but predict values of
other observables(e.g., the low-energy capture cross section
and the total reaction cross section) which are in conflict
with the results of previous experiments. A more detailed
microscopic multichannel calculation does reproduce the
sign of the slope. This calculation establishes the fact that
coupling to other strong channels can give rise to a negative
slope of theS factor in asp,gd reaction, a new mechanism
which should be taken into account when extrapolatingS
factors into the astrophysically relevant energy region.
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