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The 7Li( pW ,g)8Be reaction has been studied in the laboratory energy rangeEp580–0 keV. The vector
analyzing powersAy(u) and the angular distributions of the cross sectionds/dV(u) for capture to the ground,
first-, and third-excited states are reported. Additionally, the absolute cross sectionsT(E) and ~equivalently!
the astrophysicalS factor S(E) have been measured for capture to the third-excited state. Calculations have
been performed for all three transitions using the direct capture model to which the known nearbyM1
resonances were added. While they predict the angular distribution observed for the cross section and analyz-
ing power in the case of both the first and third-excited states of8Be, they do not reproduce those for the
ground state. These calculations predict negligibleM1 strength below 80 keV for capture to the third-excited
state (21, T5011, 16.6 MeV!, and we therefore conclude that the extrapolation of the astrophysicalS factor
for the 7Be(p,g)8B reaction, which has been performed previously by assuming pureE1 capture, is valid with
regard to the neglect of any significantp-wave capture strength.@S0556-2813~97!04109-5#

PACS number~s!: 25.40.Lw, 24.70.1s, 26.20.1f, 95.30.Cq
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I. INTRODUCTION

The 7Li( p,g) 8Be reaction has received considerable
tention in the past few years. Cecilet al. @1# have examined
capture to the ground and first-excited states at proton e
gies of 40–180 keV. In this work the authors suggest that
cross section is isotropic to within 10% and, using the dir
capture~DC! model, extrapolate the astrophysicalS factor to
zero energy based on pures-wave (E1! capture predicted by
this model. However, a recent study by Chasteleret al. @2#
has suggested otherwise. The authors of that work repo
large analyzing powers ('40% at 90°) and an anisotropi
cross section ('30%). These data suggest the presence
p-wave capture~a strength of 18–95%! at low energies, con-
trary to the findings of Cecilet al. @1#, who assumed a pur
s-wave direct capture mechanism. Chasteleret al. argued
that the presence ofp waves in the7Li( pW ,g0) 8Be reaction
could imply the same in the7Be(p,g) 8B reaction, and
thereby brought into question the extrapolation of the as
physicalS factor to zero energy based on the assumption
the validity of the direct capture model. This paper h
spurred a series of reports, see Refs.@3–11#. Note that the
data are not under suspicion since the anisotropic cross
tion has been confirmed by Hahnet al. @8#, and the analyzing
powers by Godwinet al. @7#.

In the work of Chasteleret al. @2# an unconstrained fit to
the data produced four distinct solutions. When alls-wave
E1 andp-wave M1 transitions are allowed, the fit with th
smallest amount ofM1 strength which was able to fit th
data amounted to about 50% of the cross section. If only
p1/2 capture term is used, a solution is found which cons

*Also at: Institut de Physique Nucle´aire, 91406 Orsay Cedex
France.
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of 20% M1. Rolfs and Kavanagh@3# argue that the low-
energy tail of theM1 resonance at 441 keV~proton energy!
provides sufficient strength to account for the asymmetry
the cross-section data presented in Ref.@2#. However, Weller
and Chasteler@4# point out that this conclusion does no
consider the analyzing power data. When these data and
cross-section data are both accounted for, the 2%p-wave
contribution reported by Rolfs and Kavanagh@3# is shown to
be at least an order of magnitude too low.

Barker@5# has performed detailedR-matrix fits to the data
presented in Ref.@2#. In this work he considers the tails o
the two 11 resonances at 441 and 1030 keV to be the s
source ofp-wave strength at low energies. The best fit to t
data contained 9.2%M1 strength, although this result re
quired that the two levels constructively interfere at 80 ke
which was achieved by reversing the sign of the 1030 k
resonance amplitude with respect to the 441 keV resona
Both the shell model and fits to higher energy data im
otherwise. This paper also criticizes the conclusions
Chasteleret al. @2# in regards to the relationship between t
7Li( p,g0) 8Be reaction and the7Be(p,g) 8B reaction, since
the former leads to aJp501, T50 state and the latter a
Jp521, T51 state and because of the vastly differentg-ray
energies~17.3 MeV and 140 keV, respectively! of the two
reactions.

At about the same time a set of data was published
Zahnowet al. @6#. Data for proton capture to the ground sta
and ~unresolved! ground plus first-excited state of8B are
presented for the energy rangeEp5100–1500 keV. Astro-
physicalS-factor values and forward-backward anisotrop
are given. These authors used a direct capture model
added the two well-known 11 resonances. The data were
quite well, and the data for the angular distribution of t
cross section from@2# also roughly agree~two standard de-
viations! with their calculations. However, no attempt to a
1605 © 1997 The American Physical Society



1606 56GODWIN, LAYMON, PRIOR, TILLEY, AND WELLER
FIG. 1. Angular distribution of the cross section and analyzing powers atEp570 keV for theg0, g1, and g3 transitions. The data
represent integrated yields from 80 to 0 keV. The curves are direct capture plusM1 resonances calculations.
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count for the analyzing power measurements of Chast
et al. @2# is made.

Continuing the study of the7Li( p,g) 8Be reaction God-
win et al. @7# have reexamined capture to the ground sta
Here the authors present ax-squared plot as a function o
M1%, which shows a broad minimum at 50% and two lo
minima above 80%. In addition, capture to the third-exci
state of 8Be is studied. This reaction is much more close
related to the 7Be(p,g) 8B reaction than is the
7Li( p,g0) 8Be reaction~see Ref.@7# for a thorough explana
tion!. An isotropic cross section and analyzing powers c
sistent with zero have led the authors to conclude that
7Li( p,g3) 8Be reaction essentially proceeds by either p

s-wave (E1! or purep-wave (j 5 1
2 ;M1) capture.

In a recently published paper@9# Barker attempts to ac
count for the data of Zahnowet al. @6# and Chasteleret al.
@2# simultaneously. TheM1 strength is taken to arise from
the two 11 levels~mentioned previously!. TheE1 strength is
assumed to come from eithers-wave direct capture, or~in
the R-matrix two-level approximation! from the tails of two
12 states. One of these states is the giant dipole reson
and the other ‘‘represents an actual 12,T51 level, or an
isospin mixedT50 level, or more generally some bac
ground contribution’’@9#. Contrary to his earlier work@5#,
these recent fits~using anR-matrix approach and anE1 di-
rect capture calculation! have signs in agreement with she
model calculations~destructive interference between the tw
levels at 80 keV!. Here the level parameters are the fittin
parameters, rather than the transition matrix elements. H
ever, even these solutions appear to have some probl
The R-matrix fit agrees with the 80–0 keV analyzing pow
data, but underpredicts the cross section at and below
er
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keV, at least as reported in Ref.@6#, by about a factor of 2.
On the other hand, the direct capture calculation, altho
fitting the low-energy cross section data, underpredicts
analyzing power. In fact, theb1 analyzing power coefficien
~see Ref.@12# for a detailed discussion of these coefficien!
at 80 keV is almost a factor of 2 lower than the experime
tally measured value of Chasteleret al. @2#. It is important to
note in this connection that the two calculations mention
above, both of which are considered to be equally reliab
while giving similar cross sections at energies above 3
keV, yield cross sections~and thereforeS factors! at very
low energies~0–20 keV! which differ by about a factor of 2.

In order to investigate how the tails of the M1 resonanc
affect the astrophysicalS factor below 80 keV we have per
formed extensive direct capture plusM1 resonances calcula
tions for proton capture to the ground, first-, and thir
excited states. Using these calculations we extrapolate
ground-state cross section to zero energy and compare th
previous measurements. We also present our measureme
the absolute cross section for the7Li( p,g3) 8Be reaction and
the relative cross section for capture to the first-excited s
~compared to the ground state!. These calculations and the
results are discussed below.

II. EXPERIMENTAL RESULTS

A. Angular distributions

The angular distributions of the cross section and ana
ing power for proton capture to the ground, first-, and thi
excited states of8Be are presented in Fig. 1. Note that som
of these data have been previously published@2,7#. The
curves are the results of direct capture plusM1 resonance
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56 16077Li ~pW,g!8Be REACTION AT Ep580–0 keV
calculations and will be discussed later. The details of
experimental setups used for these measurements have
previously discussed@2,7# and more details may be found i
Ref. @13#. It is important to recall that all the data present
in this paper represent integrated yields of protons from 8
0 keV in the lab frame, but may be thought of as arising fro
a 70 keV beam since over 80% of the yield arises fr
80–60 keV protons@13#.

The analyzing powers for the ground state are observe
be nonzero~and quite large at 90°) and the cross section
clearly anisotropic. These data exhibit signatures of the p
ence of interfering multipolarities of opposite parity, mo
likely E1 andM1. However, both the first- and third-excite
states show analyzing powers consistent with zero, and
isotropic cross section, within experimental error. As e
plained in Ref.@7# this result is consistent with both pureE1
s-wave capture and pureM1 p-wave capture if thep waves
are captured only into aj 5 1

2 state.

B. Absolute cross section measurement

The angular distribution data presented in the previ
section were obtained using the experimental setup descr
in Godwin et al. @7#. During the course of performing thos
experiments, it was determined that an accurate evaluatio
the absolute cross section could not be obtained using
same procedure. In order to measure the absolute cross
tion, a different technique was developed; the details of
procedure are described below.

In order to extract information about the third-excite
state we had to perform a coincidence experiment, detec
one of the twoa particles from the decay of8Be (21,
T5011, 16.6 MeV!, such that the signal could be separat
from the large cosmic-ray background. In our previous
periments@7# a particles passed through a thin lithium targ
~evaporated onto a 1.2731024 cm thick Ni backing foil! and
were detected by a small plastic scintillator placed directly
back of the target. Although this procedure utilized a re
tively simple design, the targets proved to be unstable. N
lithium targets were made by evaporating lithium metal o
a 0.159 cm thick Al disc following the established proc
dures of other experiments@2,14#. The g-ray yield per unit
time was monitored and determined to be constant, t
demonstrating the target stability. Additionally, these targ
were transferred to the beam line under an argon atmosp
and all precautions were taken to assure that they were
exposed to air. The fact that several different targets han
this way gave the same result provides additional evide
that no accidental exposures occurred. Since the distribu
of the outgoinga particles is relatively isotropic at thes
energies@1,15#, onea particle will be directed towards th
target backing, while the other will emerge from the fro
face of the target. To detect thea particles in the presen
experiment we used thin plastic scintillators obtained fr
Bicron Corporation, placed in front of the target. Of cour
this suggests that larger scintillators needed to be used,
more complicated configuration. This new arrangemen
shown in Fig. 2, where the lithium target and the plas
scintillator array are indicated. The thickness of the lithiu
which thea particles must pass through is now determin
by the range of the incident proton beam in the lithium, a
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not by the physical thickness of the target.g-ray detection
was performed using a large, high-purity germanium~HPGe!
detector, as discussed previously@7#. An important benefit of
this technique is that the energy distribution of the coincid
a particles is, unlike the previous arrangement, a Gauss
like distribution and so an energy cutoff can be establish
and reproduced.

The main goal of this procedure was to measure the
solute cross section for capture to the third-excited state
8Be. The results are displayed along with the results of dir
capture plus resonances calculations in the next section.

III. DIRECT CAPTURE CALCULATIONS

Direct capture is expected to be the prevailing mechan
at these low energies. However, as mentioned in various
pers@3,5,6,9#, the tails of the well-knownM1 resonances~at
Ep5441 and 1030 keV in the laboratory frame! are expected
to have an effect even at the low energies of this stu
Therefore, in addition to directE1 andM1 capture, our cal-
culations also include these twoM1 resonances. Although
their contributions to the cross section are quite small, th
may give rise to significant analyzing powers. Note that no
zero values for the analyzing power at 90° are an indicat
of interference between electromagnetic multipoles of op
site parity, e.g.,E1 andM1.

To better understand the effects of these resonances
following procedure was followed. First, direct capture c
culations for the ground-state transition were performed o
the proton energy range 0–1500 keV, and included

FIG. 2. Top view of the experimental setup used for the abso
cross-section measurement. Notice that the five plastic scintill
pieces surround thefront of the lithium target.
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FIG. 3. Direct capture plusM1 resonance calculations for the7Li( p,g0) 8Be, 7Li( p,g1) 8Be, and7Li( p,g3) 8Be reactions. The astro-
physicalS factor is plotted against the proton lab energy. Also displayed are the data of Zahnow~for the ground state and first-excited stat!
and the data of Sweeney~for the third-excited state!.
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known M1 resonances. The parameters for these resona
are well established and are taken from Ref.@16#. The
strengths and phases of the resonances were varied unt
cross section data of Zahnowet al. @6# were reproduced
With this established, the calculations were performed at
keV and the analyzing power and angular distribution of
cross section as a function ofg-ray angle were compared t
the experimentally measured values. A similar proced
was followed for theg1 and g3 transitions. These calcula
tions are discussed below.

A. Ground state

For the present calculations, the ground state of8Be was
considered to be a pure single-particlep3/2 state outside of a
7Li core, with a spectroscopic factor of unity. Our first go
was to reproduce the extensive ground-state data of Zah
et al. @6#. Including the two knownM1 resonances~using
resonance parameters from theA55 –10 data compilations
@16#! and adjusting the strengths and phases of the r
nances allowed us to fit the data fairly well, as shown in F
3. Note that when we required the two resonances to in
fere destructively in the region between the two levels~and
ces

the

0
e

e

w

o-
.
r-

therefore constructively in the energy range of the pres
study!, the fit was much better. Barker@5# has come to the
same conclusion and points out that this contradicts findi
from shell-model calculations. The data and our fits a
shown in Fig. 3. The calculations for the cross sections h
been converted to astrophysicalS factors using the following
equation:

s~Ecm!5
S~Ecm!e22ph

Ecm
, ~1!

whereh is the Sommerfeld parameter.
The data we have obtained are for proton energies

80–0 keV. As explained in Ref.@13#, over 80% of the yield
arises from protons of energy 80–60 keV and the ‘‘med
energy’’ is'70 keV. Therefore we have performed calcul
tions of the cross section and analyzing power at 70 keV
a function of angle, and compared them with the data. Th
results are shown in Fig. 1. Note that the calculation does
reproduce fully the asymmetry in th
7Li( p,g0) 8Be cross section reported by Chasteleret al. @2#.
The remeasured analyzing powers for this reaction repo
in Ref. @7# are also not predicted, although the calculati
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56 16097Li ~pW,g!8Be REACTION AT Ep580–0 keV
which requires destructive interference between the two
els is slightly better. The measured vector analyzing po
(0.460.014 atu590°) is about a factor of 2 greater than th
calculations predicts. Thus theM1 amplitudeneeds to be
doubled, and~sinces;amplitude2), we need four times as
muchM1 strengthcompared to what this direct capture ca
culation predicts. The direct capture plusM1 resonances cal
culations find a;6% (;10%! M1 contribution to the cross
section for the constructive~destructive! interference solu-
tion. Since the measured data imply that theM1 strength is
under predicted by a factor of 4, a 24%~40%! M1 contribu-
tion would be required to fit our data.

B. First-excited state

The S factor for capture to the ground state and fir
excited state together is reported by Zahnowet al. @6#. Fol-
lowing the same procedure as in the ground state, direct
ture calculations were performed for the first-excited st
with terms added in for the twoM1 resonances. Unlike th
ground state, the first-excited state is considered to be a
ture of p1/2 andp3/2 single-particle states. The spectroscop
factors have been previously determined@15,17,18# and are
listed in Table I, along with the spectroscopic factors used
the g0 andg3 calculations. In this situation, the direct ca
ture calculations needed to be performed twice, once fo
p1/2 single-particle bound state and once for ap3/2 single-
particle bound state. The total cross section was determ
by adding these two pieces together. The angular distribu
of the cross section and analyzing power calculations c
bine the results of both calculations weighted by the p
dicted value forA0, the absolute cross-section normalizati
constant.

The overall normalization of the spectroscopic facto
was allowed to vary until the direct capture only calculati
agreed with the off-resonance data of Zahnowet al. @6#.
Next, as in theg0 case, the strengths and phases of theM1
resonances were allowed to vary until a suitable fit to
cross-section data~reported in Ref.@6#! was found. As can be
seen in Fig. 3, these direct capture plusM1 resonances cal
culations are in good agreement with the data.

Next the direct capture calculations were performed
Ep570 keV over the angular rangeu50°2180°. Figure 1
shows these calculations, the angular distribution of the c
section reported in Ref.@2#, and the previously unpublishe
analyzing powers. The data, which display an isotropic cr
section and analyzing powers consistent with zero, are w
represented by the direct capture plusM1 resonances calcu
lations.

TABLE I. Spectroscopic factors used in the7Li( p,g) 8Be direct
capture calculations.

Spectroscopic Factors
State j 5 3

2 j 5 1
2

g0 1.0 0.0
g1 1.119 0.751
g3 1.651 0.228
v-
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C. Third-excited state

A direct capture plus resonances calculation has also b
performed for theg3 state. As in theg1 case, the third-
excited state is a mixture ofp1/2 and p3/2 single-particle
bound states. In the previous two sections the first step
volved varying the strengths of theM1 resonances until the
cross section was fit over a large energy range. The exten
data of@6# has been used in those cases, but, unfortunat
Zahnowet al. @6# do not report cross-section data for theg3

transition.
The data of Sweeney and Marion@15# was used in order

to estimate the strength of theM1 resonances in theg3 tran-
sition. In this paper, the differential cross section f
7Li( p,g3) 8Be atu5120° was given for proton energies b
tween 441 and 1400 keV. The astrophysicalS factor was
calculated from these experimentally determined cross
tions assuming an isotropic angular distribution, and
strengths of the twoM1 resonances were adjusted to mat
the resulting values. The calculated values forS(E) are
shown in Fig. 3 along with the result of the direct captu
plus M1 resonances calculation. The contributions of ea
single-particle state (p1/2 andp3/2) are shown along with the
total direct capture calculation and the DC plusM1 reso-
nances calculation. Note that our direct capture calculati
match those in Ref.@15# at Ep5200 keV.

Following the same procedure as before, the angular
tributions of the cross section and the analyzing power
calculated atEp570 keV as a function ofg-ray angle. These
calculations are displayed in Fig. 1 along with the expe
mentally measured values. The data measured for
7Li( pW ,g3) 8Be reaction are well reproduced by the dire
capture plusM1 resonances calculations. There is no e
dence of anyE1/M1 mixing in this data, sinceAy(90°) is
nearly zero. The slightly anisotropic cross section and sm
analyzing powers predicted by the model arise from the
terference ofs- andd-waveE1 amplitudes.

IV. EXTRACTION OF ASTROPHYSICAL S FACTORS

A. Ground state

In a previous study of proton capture to the ground st
of 8Be performed by Cecilet al. @1# the astrophysicalS fac-
tor wasassumedto be a constant. However, it is clear fro
the data presented here and elsewhere@2,7# that a significant
portion of the capture strength is due toM1 radiation, which
implies that theS factor will vary with energy. Previous
experiments@19# have been able to use the excellent reso
tion of the TUNL HPGe detector to unravel the energy d
pendence of the cross section~or, equivalently, theS factor!
and it was hoped that this procedure could be used h
Unfortunately, this was not possible, largely because
count-rate limitations. A direct experimental determinati
of the energy dependence of the7Li( p,g0) 8Be cross section
below 100 keV is currently underway using a technique
volving NaI detectors and a variable target bias voltage@20#.
However, since a determination of this was not possible fr
the present data, the direct capture model was used to pr
this energy dependence below 100 keV. These direct cap
calculations predict thatSE1 is constant in this energy regim
~as expected!. For the present analysis we shall use the va
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TABLE II. Summary of the astrophysicalS factors reported by various authors. The values given by C
et al. @1# and Zahnowet al. @6# are also listed for comparison. The values forg0 andg1 at 70 keV in the
present study are normalized to the data of Cecilet al. @1# and the values at 0 keV are based on t
extrapolations discussed in the text.

AstrophysicalS factors atEp570 and 0 keV
Value for S(E)

Reference g0 ~70 keV! g0 ~0 keV! g1 ~70 and 0 keV! g3 ~70 and 0 keV!
keV barns keV barns keV barns eV barns

Present work 6.4561.54
Present work 0.25a 0.24b/0.219c 0.73a60.11
Cecil et al. @1# d 0.2560.05 0.2560.05 1.260.2
Zahnowet al. @6# e, f 0.460.03 0.460.03 0.960.11

aData obtained by normalizing to the data of Cecilet al. @1#.
bThe M1/E1 strength ratio value given by the model is used to extrapolate from 70 keV.
c43M1/E1 strength ratio value is used to extrapolate from 70 keV.
dValues given by Cecilet al. @1#.
eValues interpolated from the graphs of Zahnowet al. @6#.
fErrors are taken from the lowest energy data points (Ep598.3 keV! of Zahnowet al. @6#.
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of the S factor given by Cecilet al. @1# at Ep570 keV and
compare the method of extrapolating the astrophysicalS fac-
tor to zero energy based on our direct capture plus re
nances calculations with previous methods. A determina
of the absolute cross section would require precise kno
edge of the HPGe detector’s efficiency. Although we we
able to accurately evaluate this quantity, using a calibra
radioactive source, for capture to the third-excited st
~where theg-ray energy is 700 keV! no determination was
made for the higherg-ray energies of capture to the groun
and first-excited states~17.3 and 14.3 MeV, respectively!.

The energy dependence of the astrophysicalS factor for
the 7Li( p,g0) 8Be reaction was parametrized as follows:

S~E!5k~11aE1bE2!. ~2!

This functional form was fitted to the calculated values o
tained from the DC plusM1 resonances model, and norma
ized to reproduce the value of the cross section for
7Li( p,g0) 8Be reaction obtained by Cecilet al. @1# at
Ep570 keV (sT554.3 nb with an uncertainty of620%).
The result is

Sg0
~E!5~0.24060.036!~110.000 356Ep

10.000 003 413Ep
2! keV barns, ~3!

whereEp is the energy of the proton in the lab frame and
measured in units of keV. Note that Cecilet al. @1# assume
thatS does not vary with energy, soS(E)5S(0 keV)50.25
keV barns. As previously discussed, the experimentally
termined analyzing powers indicate that theM1 strength is
approximately four times larger than predicted by the dir
capture plusM1 resonances model. Repeating the above p
cedure with theM1 strength enhanced by a factor of 4 ga
an S factor ~at 0 keV! of 0.219 keV barns. These results a
compared with those of Cecilet al. @1# and Zahnowet al. @6#
in Table II.
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B. First-excited state

An independent measurement was performed which
termined the ratio of theg1 to g0 yield. A large, anticoinci-
dence shielded NaI detector was used to observe proton
ture on7Li @20#. As Fig. 4 shows, the yield for capture to th
ground and first-excited states are clearly resolved. An an
sis of these data indicates that the ratio (r ) of the first-excited
state yield to the ground-state yield~at 90°) is 2.92 with a
statistical error of 4.7% (r 52.9260.14). This ratio is in ex-
cellent agreement with the earlier experimental results
Prior et al. @22#. We expect the efficiencies forg-ray detec-
tion in this measurement to be the same for both the grou
state and first-excited state transitions@23#. Since the angular
distribution of theg rays are either isotropic (g1) or involve
only a P0 and P1(cosu) term @the latter of which integrates
out when determining the angle-integrated cross section f
s(90°)# the ratio of the total, angle-integrated cross secti
for proton capture to the first-excited state of8Be, compared

FIG. 4. NaI spectrum used for computing theg1 to g0 yield
ratio. The two~full-response! peaks are well separated from ea
other. Cosmic-ray background is subtracted by normalizing to
yield above theg0 peak.
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to the ground state, atEp570 keV, is the yield ratio men-
tioned above, 2.9260.14. Previous studies@1,6,24# have es-
tablished that the astrophysicalS factor for proton capture to
the first-excited state of8Be is constant at the low energie
of the present study. Furthermore, our direct capture plusM1
resonance calculations also predict this behavior. There
we conclude that, based on a comparison to the ground s
the astrophysicalS factor for the7Li( p,g1) 8Be reaction be-
low ;80 keV is Sg1

(E)5(0.7360.11) keV barns. This

measurement is compared with those of Cecilet al. @1# and
Zahnowet al. @6# in Table II.

C. Third-excited state

The result of the direct capture plusM1 resonances cal
culation below 200 keV are displayed in Fig. 5, along w
the data measured in this experiment. Again, the data re
sent an integrated yield from 80 to 0 keV. The astrophys
S factor is extracted from the data by integrating the cr
section, expressed in terms of the astrophysicalS factor, over
the energy range of the experiment using the known stopp
powers@25#. The S factor is assumed to be constant in th
energy region (Ep<80 keV!. Since approximately 84% o
the yield arises from the 60-to-80 keV region@2,13,25#, the
deducedS factor is displayed at an effective energy of 7
keV, but note that the value of the deducedS factordoes not
depend on this energy value in any way. However, altho
the systematic error in the value of theS factor which is
introduced by the assumptions implicit in the procedu
descibed above is difficult to estimate, our experiences w
the g0 and g1 data suggest that it is less than 20%. Th
additional systematic error is included in the uncertainty
theS factor of theg3 channel given in Fig. 5. The measure
astrophysicalS factor for the 7Li( p,g3) 8Be reaction below
;80 keV isSg3

(E)5(6.4561.54) eV barns. The direct cap

ture plusM1 resonance calculations yield a value of appro
mately twice this result.

FIG. 5. Experimental measurement of theg3 astrophysicalS
factor shown with a direct capture calculation, which includes
M1 resonances. The vertical error bars represent statistical and
tematic uncertainties. The data represents anintegratedyield for
proton energies of 80–0 keV. The reasons for displaying the da
70 keV are discussed in the text.
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D. Connection between the7Be„p,g…

8B
and the 7Li „p,g…

8Be reactions

The 7Li( p,g3) 8Be reaction populates the third-excite
state of8Be. This state lies at 16.63 MeV, hasJp521, and
T5011. Its isospin is almost totally mixed, so that it
basically a protonlike state. TheT51 component of this
state is the analog of the ground state of8B, which has
Jp521, T51. It is this connection which relates the prese
reaction to the7Be(p,g) 8B reaction.

An additional concern in considering the relationship b
tween these two reactions lies in the fact that the energies
somewhat different: theg rays in the7Be1p reaction for 80
keV protons would haveEg;200 keV, whereas they hav
Eg;700 keV for the7Li( p,g3) case. Although these differ
they are much closer than that obtained when comparing7Li
(p,g0) 8Be (Eg517.3 MeV! to 7Be(p,g) 8B (Eg5200
keV!. It is also worth noting that the energy of the ne
highest resonance is more than twice as great for8B ~704
keV! as 8Be ~320 keV!, although the width is almost fou
times greater for8B ~37 keV! as 8Be ~10 keV!. This could
be important since the tail of this resonance will give rise
p-wave capture and therefore influence the energy dep
dence of theS factor used in extrapolating to very low ene
gies.

Isospin selection rules must also be considered for theE1
andM1 transitions in the two cases. For7Be1p, only T51
states can be formed. The ground state of8B hasT51, so
that the transition will beT51→T51. In the case of the7Li
(p,g) 8Be ~16.6 MeV! reaction, bothT50 andT51 states
are formed. The final state’s isospin~at 16.6 MeV! is ‘‘to-
tally’’ mixed. So, although one expects onlyDT51 for E1
transitions and predominantlyDT51 for M1 transitions in
the self-conjugate nucleus of8Be, the fact that the isospin i
not a good quantum number for the 21 ~16.6 MeV! state
implies that all of the continuum strength can decay to
final 21 isospin-mixed state at 16.6 MeV. Therefore, we
not expect isospin selection rules to play a significant role
the comparison of the two reactions being discussed.

V. CONCLUSIONS

Clearly the 7Li( p,g0) 8Be reaction proceeds by bot
s-wave andp-wave capture. Since previous measurement
the astrophysicalS factor and the extrapolation of this quan
tity to zero energy have assumed that onlys-wave capture
occurs, these values require revision. Chasteleret al. @2# cal-
culate that previously extracted (s-wave only! astrophysical
S factors may be 7–38% too high. Our calculations, wh
use the direct capture plusM1 resonances model in order t
estimate values for theM1/E1 cross-section ratio, predict
zero-energy value only 4% lower than that which would
obtained assuming a pureE1 direct capture model. Howeve
we estimate that theM1/E1 cross-section ratio is four time
greater than the model predicts, which in turn gives a ze
energyS-factor value 12% lower than a pureE1 extrapola-
tion. Values for the astrophysicalS factor at 70 and 0 keV
for the 7Li( p,g0) 8Be, 7Li( p,g1) 8Be, and7Li( p,g3) 8Be re-
actions are summarized and compared with other meas
ments in Table II. A direct experimental measurement of
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slope of theS factor for theg0 and g1 cases at energie
between 40 and 100 keV is underway@20#. Preliminary re-
sults@20# indicate anegativeslope for theS factor in both of
these channels. These results, if substantiated, could lea
an increasein the extrapolated value of theS factor by about
20%@21# compared to that obtained when a constantS factor
is assumed in the 0–100 keV region. This implies that ad
tional physics, not contained in the present model~which
predicts a small butpositive slope!, must be included in a
proper description of these reactions. Clearly, further exp
mental and theoretical effort is necessary before precise
reliable S factors can be specified for these reaction ch
nels.

The similarities between the 7Li( p,g3) 8Be and
7Be(p,g) 8B reactions are quite apparent, as previously d
cussed. Our study of the former reaction shows no evide
of interference betweenE1 andM1 radiation, and we con
clude that the reaction proceeds by pureE1 capture on the
basis of the direct capture model calculations. Howev
since relatively purep1/2 (M1! capture would give identica
results for the observed behavior of the angular distributi
of the cross section and analyzing powers, a direct exp
P.
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mental determination is desirable and is being planned. T
will consist of a measurement of the outgoingg-ray polar-
ization for this channel.

In conclusion, despite the discrepancies in theg0 mea-
surements, and the uncertainties in the slopes of theS factors
for both g0 and g1, the present results do not show an
evidence that the essentially pures-wave assumption is in-
correct for the 7Li( p,g3) 8Be reaction. It is therefore un
likely that the extrapolation of the nuclear cross section
zero energy in the7Be(p,g) 8B case is in serious error, a
least not as a result of the neglect ofp-wave contributions.
However, it is clear from our studies that the direct captu
plus M1 resonances model is insufficient, or at least inco
plete, at these energies. Before the direct capture model
be trusted to performS-factor extrapolations to astrophys
cally significant energies more experimental and theoret
work needs to be performed.
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