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A previous microscopic three-cluster calculation, applied to the7Besp,gd8B reaction, is updated in several
ways: the7Be description is improved, two nucleon-nucleon interactions are considered, and new experimental
information about the scattering lengths is taken into account. Weak changes in the energy dependence of the
S factor are obtained. A “theoretical” uncertainty is estimated. It amounts to 5% near 1 MeV but reaches more
than 10% when energy increases. We suggest that reducing the current uncertainty on the experimental scat-
tering length would significantly reduce the error bar onS17s0d. Elastic 7Be+p phase shifts are briefly dis-
cussed and analyzed for different7Be deformations. We show that the differences with the potential model are
due to shortcomings of that model, such as the lack of7Be deformation, included in the present approach. We
also investigate the8Li and 8B spectroscopy, electromagnetic transition probabilities, and spectroscopic factors.
The 5He+3H configuration(or mirror) is shown to be important in the ground-state structure.
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I. INTRODUCTION

The 7Besp,gd8B S factor is one of the main inputs in the
solar neutrino problem, as8B decay provides high-energy
neutrinos which can be detected in terrestrial experiments
[1]. Recent experiments were able to determine the neutrino
flux emitted from8B decay with a precision of 9%[1]. On
the other hand, theoretical predictions are more uncertain, of
the order of 20%[2–4]. The theoretical neutrino flux sensi-
tively depends on the7Besp,gd8B S factor(hereafter denoted
asS17) which should be known with a high precision[5].

Many experimental and theoretical groups have been
working on S17 in recent years(see, e.g., Ref.[6] for a re-
view). Experimentally, two types of methods are used: direct
methods[6–10] where a proton beam is used on a7Be target
and indirect methods[11,12] using a8B beam, which subse-
quently breaks up into7Be andp. Both methods present ad-
vantages and limitations, which we do not discuss here.
Their common problem is the need for theoretical models to
deriveS17 at stellar energies. As is well known[13], nuclear
astrophysics involves very low energies where, in general,
cross sections between charged particles are too small to be
measured in the laboratory. In the7Besp,gd8B reaction, the
Gamow energy is about 20 keV whereas the current lower
limit in direct experiments is about 100 keV.

Theoretical calculations ofS17 have been performed with
several methods: theR-matrix parametrization[14], the po-
tential model [15–17], and microscopic cluster models
[18–20]. In parallel, the asymptotic normalization constant
(ANC) method may help in determiningS17s0d (see Ref.[21]
for a recent review). As the8B ground state is weakly bound
with respect to the7Be+p thresholds−137 keVd, the capture
process is essentially external and the cross section at low
energies is determined from the asymptotic properties of the
8B wave function which depends on a single parameter, the
ANC [22].

In recent experimental works, the data are extrapolated
down to zero energy by using a microscopic three-cluster
model (Ref. [18], referred to as DB94). In this model the

only inputs are a nucleon-nucleonsNNd interaction, chosen
in DB94 as the Volkov force[23], and a cluster structure for
8B. The deformation of7Be is taken into account by using an
a+3He cluster wave function. Microscopic models are based
on basic principles of quantum mechanics, such as the Pauli
principle between nucleons, and therefore present a rather
strong predictive power. Of course their precision is limited
by uncertainties on the nucleon-nucleon interaction(choice
of the nucleon-nucleon force, three-body terms, etc.). For
poorly known reactions microscopic models provide valu-
able information, such as the presence of resonances or esti-
mates of the cross sections. The situation is different forS17

where a very high precision is required. In this context it is
clear that the normalization provided by a microscopic
model should be considered as an upper limit only[24]. Con-
sequently, analyses of recent experiments are done by using
the energy dependence of DB94, leaving the normalization
as a free parameter.

The motivation of the present work is to update the results
of DB94 by using the same model with improved conditions
of calculation. Preliminary results were presented in Ref.
[25] but are superseded by the present ones. Reconsidering
S17 in a microscopic model is justified by several reasons.

(i) In DB94, the7Be nucleus is deformed, but its structure
is “frozen” and it cannot be distorted during the collision. In
1994, this was a necessary assumption to keep computer
times in reasonable limits, but this approximation is not re-
quired anymore with current computers.

(ii ) Only Volkov forces were considered in DB94. In the
present work we also used the Minnesota interaction[26]
which is known to be better adapted to low-mass systems.
The slightly different results obtained with both forces con-
tribute to the model uncertainty.

(iii ) In DB94, uncertainties due to the model itself are not
analyzed. This forces experimental groups either to neglect
model uncertainties or to fix a somewhat arbitrary uncer-
tainty on the theoreticalS17. The sensitivity to the model is
addressed here.
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(iv) A recent measurement of the7Be+p elastic cross sec-
tion [27] provides the scattering lengths. These data can be
used as a constraint on the model.

(v) A recent calculation by Davids and Typel[17], per-
formed within the potential model, provides an energy de-
pendence significantly different from DB94. At first sight,
this simple model seems to be more consistent than DB94
with breakup data[12], and the differences need to be under-
stood.

The paper is organized as follows. In Sec. II we briefly
present the model, which is essentially the same as in DB94.
Section III is devoted to spectroscopic properties of8Li and
8B. These results are used to test the model and to evaluate
its precision. The7Li sn,gd8Li and 7Besp,gd8B cross sections
are analyzed in Sec. IV. Concluding remarks are given in
Sec. V.

II. MICROSCOPIC THREE-CLUSTER MODEL

Here we present a brief overview of the model. More
detail can be found in Refs.[28,29]. As in DB94, we assume
that the eight nucleons of the system are divided in three
clusters, with two arrangements channels:7Be+p and 5Li
+3He. A total wave function is therefore given by

CJMp = C7+1
JMp + C5+3

JMp, s1d

whereJ is the total spin andp the total parity. In the reso-
nating group method(RGM) each component is written as
[30]

Ca+b
JMp = o

g

AfYLsVr1
d ^ ffa

Ia ^ fb
IbgSgJMgg

Jpsr1d, s2d

wherer1 is the relative distance,A the antisymmetrization
operator, andsfa

Ia,fb
Ibd are microscopic wave functions of

nuclei a andb; in Eq. (2), L is the relative angular momen-
tum, S is the channel spin, andg stands forg=sIa,Ib,S,Ld.

In two-cluster studies, the internal wave functionsfa
Ia and

fb
Ib are defined in the shell model. This approximation is,

however, not well adapted to the7Be+p system, as7Be pre-
sents a significant deformation. Consequently,7Be is de-
scribed by ana+3He cluster structure and its wave function
is defined by

f7
IaMa = Af4

0fY,sVr2
d ^ f3

1/2gIaMag7,,
Ia sr2d, s3d

wherer2 is the relative distance betweena and3He (see Fig.
1), , is the relative angular momentum, andf4

0 andf3
1/2 are

shell-model wave functions ofa and 3He, respectively. A
similar expression holds for the5Li nucleus.

In practical applications, the relative wave functions are
expanded over a Gaussian basis, which corresponds to the
generator coordinate method(GCM—see Ref.[31]). For
7Be, we have

g7,,
Ia sr2d =E f7,,

Ia sR2dG,sr2,R2ddR2 < o
n=1

N2

f7,,
Ia sR2ndG,sr2,R2nd,

s4d

whereR2 is the generator coordinate associated with thea
+3He system andG,sr ,Rd is a projected Gaussian function
(see, for example, Ref.[32]). As is well known, the Gaussian
expansion(4), when inserted in to Eq.(3), provides the wave
function as a linear combination of projected Slater determi-
nants. In the GCM, the calculation of the relative function
gsr2d is replaced by the calculation of the generator function
fsR2d.

In order to analyze the7Be wave functions, let us consider
Fig. 2, where we present the binding energy of7Be for dif-
ferentR2 values. The calculation is done with the Volkov V2
and Minnesota(referred to as MN) interactions(more detail
is given in Sec. III). Figure 2 clearly confirms the importance
of clustering effects. The minimum of the ground-state en-
ergy curve sIa=3/2−d is obtained near 3.5 fm. In DB94,
where only the V2 force was considered, a single value for
R2 was usedsR2=3.7 fmd. In the present case, in order to
allow distortion effects during the collision, five generator
coordinates are included(1.1–6.3 fm in steps of 1.3 fm).
The mixing of these basis functions provides the7Be spec-
trum in the right panel of Fig. 2 which shows, for bothNN
interactions, a fairly good agreement with experiment.

FIG. 1. Three-cluster configurations of8B.

FIG. 2. Left panel: energy of7Be as a func-
tion of the generator coordinateR2, for Ia=3/2−

(solid lines) and Ia=1/2− (dotted lines). Right
panel: energy spectra with the MN and V2
interactions.
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Let us now consider the eight-nucleon wave functions(2).
The relative functiongg

Jpsr1d is expanded over a Gaussian
basis with generator coordinateR1 (see Fig. 1). As shown in
Ref. [28], this allows us to rewrite the wave function(2) as

Ca+b
JMp = o

g
E Fg

JpsR1,R2dFg
JMpsR1,R2ddR1dR2, s5d

whereFg
JMpsR1,R2d is an eight-nucleon projected Slater de-

terminant andFg
JpsR1,R2d is the three-cluster generator func-

tion. As before, the integrals over the generator coordinates
are replaced by finite sums.

Owing to the Gaussian expansion, the wave functions(5)
do not have a correct asymptotic behavior. This is solved by
using the microscopicR-matrix method(MRM; see Ref.
[32]) which restores the Coulomb behavior of scattering
states as well as of bound states. Basically, the generator
function in Eq.(5) is determined from matrix elements of the
Hamiltonian between projected Slater determinants
Fg

JMpsR1,R2d. The double angular momentum projection(on
a+3He and7Be+p) yields five-dimensional integrals[28],
but can be easily performed with modern computers.

III. SPECTROSCOPIC PROPERTIES OF 8Li AND 8B

A. Conditions of the calculation

As mentioned previously, we use here the Volkov V2[23]
and Minnesota interactions[26], complemented by a zero-
range spin-orbit force[33]. The amplitudeS0 of the spin-
orbit interaction is taken asS0=20 MeV fm5 for MN and
S0=26 MeV fm5 for V2. These values provide a good exci-
tation energy of the 1/2− state in7Be. The parametersu and
M of the MN and V2 forces are adjusted on the8B ground-
state energy. As we will consider different conditions of cal-
culation, these parameters will vary slightly. For the full cal-
culation, we haveu=1.0736 andM =0.5744 for8B. These
values are reasonably close to the standard values(u=1 and
M =0.6).

The internal wave functions are defined with an oscillator
parameterb=1.43 fm which represents a compromise be-
tween the optimal values ofa and3He. The7Be wave func-
tions include five generator coordinatesR2 ranging from
1.1 fm to 6.3 fm(with step 1.3 fm). For 5Li, we have four
values(1.1–5.0 fm with a step of 1.3 fm). As in DB94, the
3/2−, 1/2−, 7/2−, and 5/2− partial waves of7Be are included
(the lowest states are shown in Fig. 2); for 5Li, we take
account of the 3/2− and 1/2− dominant partial waves. The
relative motion associated with7Be+p (and5Li+ 3He) is de-
scribed by ten generator coordinates, ranging from
2.0 fm to 10.1 fm with a step of 0.9 fm.

B. 8Li and 8B nuclei

In addition to the capture cross sections, the same model
can be applied to the spectroscopy of8Li and 8B. The prop-
erties of8Li are given in Table I and compared with experi-
ment. In general the difference between the MN and V2
forces is weak. As expected[24], the V2 interaction gives
stronger clustering effects, which results in larger quadrupole

moments andE2 transition probabilities. The values obtained
here are similar to those of DB94, where less accurate wave
functions were used. In general the agreement with experi-
ment is acceptable, except for theBsE2,1+→2+d whose ex-
perimental value[34,35] is unexpectedly large[36].

The same quantities are given in Table II for the8B
nucleus. Comments similar to those of8Li can be done. The
agreement with experiment is reasonable and the sensitivity
with respect to the NN interaction is weak. As in DB94, the
magnetic moment is found larger in8B than in8Li. This is in
contradiction with experiment and suggests that the NN in-
teraction might need a tensor component to account for the
magnetic moments.

C. Spectroscopic factors and ANC’s

The present calculation offers the possibility to analyze
the 8B and 8Li wave functions and, more precisely, their
spectroscopic factors and ANC’s. The ANC in a channelg is
obtained from the asymptotic part of the relative function
[39]. Using the notation of Eq.(2), we have

gg
Jpsrd → Cg

JpW−hg,L+1/2s2kgrd, s6d

where hg and kg are the Sommerfeld parameter and wave
number in channelg and Cg

Jp is the ANC. Here indexg is
complemented by a further index labeling the 7+1 and 5

TABLE I. Spectroscopic properties of8Li.

MN V2 Expt.a

Qs2+d se fm2d 2.3 2.5 2.4±0.2,b 3.27±0.06

ms2+d smNd 1.20 1.26 1.65

Gns3+d (keV) 37 43 33±6

BsM1,1+→2+d (W.u.)c 4.1 3.8 2.8±0.9

BsM1,3+→2+d (W.u.) 0.09 0.15 0.29±0.13

BsE2,1+→2+d (W.u.) 1.2 2.3 47±23,d 87±23e

BsE2,3+→2+d (W.u.) 4.3 5.9

aReference[37].
bReference[38].
cW.u.=Weisskopf units.
dReference[34].
eReference[35].

TABLE II. Spectroscopic properties of8B.

MN V2 Expt.a

Qs2+d se fm2d 6.0 6.6 6.83±0.21

ms2+d smNd 1.52 1.48 1.03

Gps1+d (keV) 57 56 37±5

Gps3+d (keV) 390 450 350±40

BsM1,1+→2+d (W.u.) 3.8 3.4 5.1±2.5

BsM1,3+→2+d (W.u.) 0.09 0.11

BsE2,1+→2+d (W.u.) 4.3 9.7

BsE2,3+→2+d (W.u.) 3.5 5.0

aReference[37].
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+3 rearrangement channels. The ANC’s of the8B ground
state are given in Table III for the MN potential. As found
previously[40], the S=2 channel dominates. The ANC’s of
8B and 8Li are very similar, as expected from simple theo-
retical arguments and confirmed by experiment(see Ref.
[41]). Experimental data[21,42] are obtained in another cou-
pling mode, where the nucleon angular momentum is first
coupled to the nucleon spin and the resulting spinj is
coupled to the spin 3/2 of the core. The ANC’s in this cou-
pling mode are related to the present values byCp3/2

2

=sCS=1−CS=2d2/2 and Cp1/2
2 =sCS=1+CS=2d2/2. From Table

III we haveCp3/2
2 =0.583 fm−1 for 8B andCp3/2

2 =0.638 fm−1

for 8Li. These values are larger than the experimental ANC’s
derived from distorted-wave Born approximation(DWBA)
analyses s0.388±0.039 fm−1 [42] and 0.384±0.038 fm−1

[21], respectively). The ratiosCp1/2
2 /Cp3/2

2 (0.146 and 0.170)
are closer to experiment(0.157 and 0.125 for8B and 8Li,
respectively). The 7Besp,gd8B reaction being essentially ex-
ternal [43], S17s0d can be estimated from the ANC’s only
[44]. Using the values of Table III providesS17s0d
<25 eV b.

The relative wave functionsgg
Jpsrd appearing in Eq.(2)

cannot be directly interpreted without the antisymmetrization
operator[45], as they are known to be affected by the Pauli-
forbidden states. Their effects cancel out with the antisym-
metrizor but provide spurious terms without this operator.
More physical wave functions can be defined by applying the
overlap kernel on the relative functionsgg

Jpsrd. Two defini-
tions are useful:

g̃g
Jpsrd = o

g8
E Ng,g8

Jp sr,r8dgg8
Jpsr8ddr8,

ĝg
Jpsrd = o

g8
E fNg,g8

Jp sr,r8dg1/2gg8
Jpsr8ddr8, s7d

whereNgg8
Jp sr ,r8d is the overlap kernel(see Refs.[45,46] for

more detail). Notice that the overlap kernel acts at small
distances only and that the three relative functions present
the same asymptotic behavior. They are computed numeri-
cally using the method presented in Ref.[47].

From Eqs.(7), one defines the amplitude

Ng
Jp =E

0

`

fĝg
Jpsrdg2dr s8d

and the spectroscopic factor

Sg
Jp =E

0

`

fg̃g
Jpsrdg2dr. s9d

By definition ĝg
Jpsrd is normalized to unity and we have

o
g

Ng
Jp = 1. s10d

This is different for the spectroscopic factor which is not
normalized to unity. Those numbers provide an estimate of
the weights of the different channels. In the wave functions
ĝg

Jpsrd, the antisymmetrization is treated approximately. Ac-
cordingly, the values ofNg

Jp, although rigorously defined
mathematically, should not be considered as precise weights
of the different channels[because of antisymmetrization,
components associated with different channels in the wave
function (2) are not orthogonal to each other].

The amplitudes and spectroscopic factors are also given in
Table III. In all states, the 5+3 channels are not negligible.
This is not surprising in bound states or narrow resonances
since, at short distances, the antisymmetrization makes the
7+1 and 5+3 configurations almost equivalent. For the 2+

state, the main component isS=2, whereas for the 1+ state,
S=1 dominates. The7Be s1/2−d+p component of the8B
ground state is 9.1%, in good agreement with a recent ex-
perimental measurement of Cortina-Gilet al. [48], who find
s13±3d%. The structure of the 3+ state is more exotic. The
main component comes from the7Bes5/2−d+p channelsN
=0.35d, as it corresponds to an angular momentumL=1. As
for the 2+ and 1+ states, the 5+3 channels are non-negligible.

In Table IV, we compare the8Li spectroscopic factors
with the experimental data[49,50]. The data are obtained
from 7Li sd,pd8Li stripping measurements, which provide the
spectroscopic factors through a DWBA analysis. The values
are therefore partly model dependent and should not be con-
sidered as very precise. The theoretical values are obtained
by summing the individual contributions of the channels
spins S=1 and S=2. In general we overestimate the data,

TABLE III. Amplitudes Ng, spectroscopic factorsSg, and ANC’sCg (in fm−1/2) of 8B and8Li.

Channelg

8Bs2+d 8Li s2+d 8Li s1+d 8Li s3+d

Ng Sg Cg Ng Sg Cg Ng Sg Ng Sg

7Bes1/2−d+p, S=0 0.056 0.129 0.001 0.002
7Bes1/2−d+p, S=1 0.091 0.211 0.382 0.092 0.226 0.446 0.208 0.499 0.002 0.004
7Bes3/2−d+p, S=1 0.089 0.194 0.334 0.093 0.216 0.332 0.240 0.537 0.000 0.001
7Bes3/2−d+p, S=2 0.386 0.836 −0.746 0.361 0.835 −0.798 0.041 0.087 0.273 0.462
5Li s1/2−d+3He, S=0 0.011 0.030 0.014 0.039
5Li s1/2−d+3He, S=1 0.033 0.089 −11.040 0.030 0.083 −7.000 0.033 0.086 0.012 0.034
5Li s3/2−d+3He, S=1 0.037 0.096 −6.783 0.038 0.101 −4.410 0.341 0.840 0.099 0.271
5Li s3/2−d+3He, S=2 0.304 0.815 19.880 0.318 0.871 13.420 0.032 0.087 0.244 0.673

P. DESCOUVEMONT PHYSICAL REVIEW C70, 065802(2004)

065802-4



which is consistent with the overestimation of the neutron
widths (see Table I). For the ground state, our result is very
close to anR-matrix analysis of Barker[14], who fits
7Li sn,gd8Li data and findsSs2+d=1.034.

IV. CAPTURE CROSS SECTIONS

A. 7Li „n ,g…8Li cross section

The calculation of the capture cross sections requires
wave functions for scattering states. As scattering lengthsaS
for the 7Li+ n and 7Be+p systems are available[27,51], we
have determined the interaction parametersu (for MN) or M
(for V2) on thea2 values, relative to the channel spinS=2
[s−3.63±0.05d fm for 7Li+ n ands−7±3d fm for 7Be+p]. In
the full calculation, for example, we haveu=1.07 andM
=0.563 for7Be+p. The scattering length is not expected to
significantly affect the low-energyS17 [27]. However, it may
have some influence on the energy dependence of theS fac-
tor.

First, we analyze the7Li sn,gd8Li mirror reaction. Figure
3 displays the cross section in two different energy ranges.

The data of Wiescheret al. [52] have been renormalized as
suggested by Heilet al. [53]. The cross section is given by
the contribution of the 2+ ground state and of the 1+ first
excited state. The branching ratio is about 10%, in agreement
with experiment. At low energies, the cross section behaves
as 1/v (v is the relative velocity), as expected fors-wave
capture. BothNN interactions, however, slightly overesti-
mate the data of Blackmonet al. [54]. Above 0.01 MeV, the
calculation is consistent with the data of Wiescheret al. [52].
The present cross section is quite similar to the results of
DB94 (notice that theM1 contribution, involving the 3+

resonance near 0.2 MeV, is not included here).

B. 7Be„p,g…8B cross section

The S17 curves are given in Fig. 4(numerical values are
given in the Appendix). According to Ref.[56] we do not use
the direct data of Refs.[57–59] and the indirect data of Refs.
[60,61] as not enough information is provided about the
analysis and normalization procedure. Notice that the
breakup data of the GSI group[12] are under reanalysis and
are expected to be in better agreement with direct experi-
ments[62]. Figure 4 shows that improving the GCM basis
does not significantly changeS17. The present V2 results are
very close to DB94, obtained with the same interaction.
However, as expected from the ANC’s(see Table III), theS17
values obtained with the MN force are lower and closer to
experiment. This was already observed in Ref.[19]. As dis-
cussed in DB94, a cluster model provides an upper bound of
the capture cross section. The “exact”8B wave function
should contain many other configurations(other arrange-
ments, four clusters, etc.). Accordingly, the capture cross sec-
tion, which, up to the electromagnetic operator, is nothing
but the overlap between the initial7Be+p and final8B wave
functions, is in general overestimated by a cluster model.

In Fig. 5, we provide the different contributions toS17. As
the MN force is known to be better adapted to low-mass
systems and as it does provide a better normalization, we
only consider the MN potential. Both fors andd waves, the
S=2 component is larger thanS=1. This is consistent with
the spectroscopic factors of Table III. At zero energy theL

TABLE IV. 8Li spectroscopic factors.

State GCM Expt.[49] Expt. [50]

2+ 1.05 0.88 0.87

1+ 0.62 0.47 0.48

3+ 0.47 0.25

FIG. 3. 7Li sn,gd8Li cross section. Experimental data are taken
from Refs. [52] (triangles), [53] (open squares), [54] (solid
squares), and[55] (circles).

FIG. 4. 7Besp,gd8B S factor for the V2 and MN interactions.
Experimental data are taken from Refs.[6–12]. The results of DB94
are shown as a dashed line.
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=2 contribution is about 10% of the totalS factor. Each
component is compared with the potential-model calculation
of Davids and Typel[17]. The slope of theS factor above
1 MeV is larger in their model than in the GCM. We will
come back to this difference later, but the decomposition of
Fig. 5 clearly shows that it arises from theS=2, L=0 con-
tribution.

Even if the present MN calculation provides a significant
improvement regarding the normalization, it is likely that the
energy dependence is still more accurate than the normaliza-
tion itself. Figure 6 shows the energy dependence, normal-
ized to unity at zero energy. Below 200 keV, all curves are
almost undistinguishable, as expected from simple argu-
ments. The MN and V2 curves present slight differences
with respect to DB94. The strongest difference is obtained
with the MN force around 1 MeVs±10%d. In order to un-
derstand the difference with the potential model[17], we
have considered intermediate calculations with a limited ba-
sis. We have taken a single value for the7Be generator co-

ordinateR2 and the7Bes3/2−d+p configuration only. In each
case, the interaction has been readjusted on the8B ground-
state energy and on the7Be+p scattering lengthsS=2d. Fig-
ure 6 clearly shows that, whenR2 tends to zero—i.e., when
the conditions of the GCM get closer to the potential-model
approximations—both theoretical approaches are similar.
The remaining differences are due to antisymmetrization ef-
fects and to different interactions. Above 0.5 MeV, the
weaker slope in the GCM is due to the7Be deformation,
absent in the potential model. The curve labeled by “mixing”
is obtained by considering allR2 values, but neglecting ex-
cited7Be+p channels and the 5+3 configuration. The role of
those channels is a further reduction of theS17 slope between
1 and 3 MeV.

C. Theoretical uncertainties in S17

One of the main issues in extrapolating the data down to
zero energy is to derive uncertainties inS17. In addition to the
usual experimental error bars, a theoretical uncertainty
should be included. It is almost impossible to establish a
rigorous theoretical uncertainty but some guidelines can be
derived. In the present work, we evaluate it from three ori-
gins: (i) the NN interaction,(ii ) the scattering length, and
(iii ) the scaling uncertainty, which measures how stable is the
energy dependence when the conditions of the calculation
are changed.

The uncertainty due to theNN interaction is determined
from the differences between the V2 and MN forces. Of
course, other forces could be considered, but this choice is
typical of cluster models. The effect of the scattering length
is illustrated in Fig. 7, wherea2 has been changed to −4 and
−10 fm—i.e., within the experimental limits. The effect of a
variation ona2 is similar for both interactions. As shown in
Ref. [27], the effect of a large and negativea2 value is
equivalent to a broad 2− resonance near 3 MeV. This led
Barker and Mukhamedzhanov[63] to suggest the existence
of a 2− resonance from anR-matrix approach. The width is
however so largesGù4 MeVd that this broad state should be
considered more as a mathematical way to fit the data than as
a physical8B state. The effect of the scattering length in the

FIG. 5. sS,Ld components ofS17. Dotted lines correspond to the
potential model of Davids and Typel[17].

FIG. 6. Energy dependence ofS17 for different generator coor-
dinatesR2 (thin curves) and for the full calculations(thick curves).
The results of DB94 and of the potential model[17] (labeled as
DT03) are shown as dashed lines.

FIG. 7. Influence of the scattering lengtha2 on the energy de-
pendence ofS17 for the MN (solid curves) and V2(dashed curves)
interactions.
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energy dependence ofS17 is lower than 5% below 1 MeV but
can reach 10% near 2 MeV.

In order to use theoretical models in the data extrapola-
tion, it is implicitly assumed that the theoretical curve can be
rescaled by a factor which does not depend on energy. This is
of course a shortcoming since the proportionality is valid at
low energies only, where the capture essentially proceeds at
large distances. In order to evaluate the validity of the “scal-
ing” approximation, we have used the potential model, with
a Woods-Saxon potential as in Ref.[17]. The range has been
varied from 2.2 fm to 2.8 fm, and the depth has been
changed accordingly. The relative differences inS17 are plot-
ted in Fig. 8, which confirms that this effect increases with
energy. Of course this scaling effect is just a first estimate as
it comes from the potential model. However, it turns out to
be lower than uncertainties due to theNN interaction and to
the scattering lengths.

The three components are given in Fig. 8. Between 0 and
1 MeV the main uncertainty comes from the scattering
length (4% at most). Beyond 1 MeV the choice of theNN
interaction also plays a role. The total uncertainty has been
evaluated by summing all contributions. Figure 8 shows that,
even at 0.5 MeV, the theoretical uncertainty is still 5% and
increases above 1 MeV. The 6% uncertainty due to theory,
as evaluated by Davids and Typel[17], is close to our rec-
ommendation.

D. 7Be+p phase shifts

The phase shifts characterize the wave functions at large
distances. They are plotted in Fig. 9, where we illustrate
different conditions of calculation fors waves (see Sec.
IV B ). For theS=2 channel spin, theNN interaction is de-
termined to reproduce the experimental scattering length.
Hence, all calculations are equivalent up toE<1 MeV—i.e.,
in the energy range where the scattering-length expansion
should be valid. As for the7Besp,gd8B cross section, the
GCM phase shifts get closer to the potential model[17] if we
reduce deformation effects in7Be. The full calculation, in-
cluding inelastic channels, is significantly different from the
potential model.

For S=1, the scattering length has not been fitted, as it is
experimentally less accurate and as it represents a small con-
tribution toS17. The scattering length is negative for all con-

ditions of calculations. The comparison with the potential
model is therefore meaningless, since the scattering lengths
have opposite signs.

In Fig. 9(c), we show the amplitudeh defined from the
collision matrixU as

Ug,g8
Jp = hg,g8

Jp exps2idg,g8
Jp d. s11d

Here, the entrance channelg is taken asS=2, L=0 sJ=2−d
and the exit channelsg8 are sS=1,L=2d and sS=2,L=2d
(solid curves). Transfer to the7Bes1/2−d+p channel is illus-
trated withsS=0,L=2d andsS=1,L=2d. The amplitudeh is
a measurement of the coupling between different channels. It
is small at astrophysical energies, but turns out to be non-
negligible above 1 MeV. In addition to the deformation ef-

FIG. 8. Contributions to the uncertainties in the energy depen-
dence of theS factor (see text).

FIG. 9. s-wave7Be+p phase shifts forS=1 (a) andS=2 (b) and
amplitudeh (c). (a) and(b) The curves are labeled by the generator
coordinateR2. The thick curves correspond to the full calculation
and the dotted curves to Ref.[17]. (c) Transmission amplitude from
the sJ=2−,L=0d channel to the7Bes3/2−d+p (solid curves) and
7Bes1/2−d+p (dotted curves) channels; the labels correspond to the
channel spinS (see text).
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fects mentioned previously, this coupling effect cannot be
taken into account in the potential model, where a single
partial wave is included.

V. CONCLUSIONS

The main goal of the present work is twofold: to update
the microscopic calculation of DB94 and to evaluate the the-
oretical uncertainties associated with the extrapolation pro-
cedure. As already observed in other systems, increasing the
number of generator coordinates in the7Be nucleus does not
significantly affect the7Be+p wave functions. In DB94, a

single, but optimized value was used, and this seems to be a
good approximation. On the other side,S17 is more sensitive
to theNN interaction. The use of the MN force reduces the
discrepancy between theory and experiment concerning the
normalization. The difference in the energy dependence is, at
most, 5% near 1.5 MeV.

We have analyzed different sources of theoretical uncer-
tainties. Below 1 MeV the uncertainty is essentially due to
the scattering length, which is currently known with an error
bar of about 50%[27]. With direct capture data, which go
down to energies as low as 150 keV, better knowledge of the
scattering length seems to be sufficient to reduce uncertain-

TABLE V. 7Besp,gd8B S factor (in eV b). The decomposition refers to the MN force.

E (MeV) MN V2 J=1− J=2− J=3− S=1,L=0 S=1,L=2 S=2,L=0 S=2,L=2

0 24.69 29.45 3.99 19.77 0.93 3.87 0.26 19.29 1.27

0.02 24.01 28.63 3.85 19.09 1.07 3.72 0.30 18.53 1.47

0.05 23.24 27.68 3.69 18.26 1.28 3.53 0.35 17.59 1.76

0.1 22.57 26.85 3.53 17.43 1.61 3.32 0.44 16.59 2.21

0.15 22.34 26.55 3.43 16.98 1.93 3.19 0.53 15.97 2.65

0.2 22.37 26.56 3.39 16.74 2.24 3.11 0.62 15.57 3.07

0.25 22.57 26.75 3.36 16.65 2.55 3.04 0.70 15.32 3.50

0.3 22.87 27.06 3.36 16.64 2.87 3.00 0.79 15.15 3.93

0.35 23.23 27.45 3.36 16.69 3.18 2.97 0.88 15.04 4.35

0.4 23.64 27.88 3.37 16.77 3.49 2.94 0.96 14.96 4.78

0.45 24.07 28.34 3.38 16.87 3.81 2.91 1.05 14.90 5.21

0.5 24.49 28.81 3.39 16.97 4.13 2.88 1.14 14.84 5.64

0.6 25.42 29.72 3.48 17.17 4.78 2.89 1.31 14.70 6.52

0.7 26.24 30.57 3.50 17.30 5.44 2.83 1.50 14.50 7.41

0.8 27.00 31.35 3.52 17.37 6.11 2.78 1.68 14.22 8.32

0.9 27.67 32.06 3.54 17.35 6.79 2.72 1.87 13.83 9.25

1 28.28 32.70 3.54 17.25 7.48 2.65 2.07 13.36 10.20

1.1 28.82 33.30 3.54 17.09 8.19 2.58 2.27 12.79 11.19

1.2 29.32 33.87 3.54 16.87 8.91 2.50 2.47 12.14 12.20

1.3 29.79 34.45 3.54 16.61 9.64 2.42 2.69 11.43 13.25

1.4 30.26 35.06 3.55 16.33 10.38 2.34 2.91 10.67 14.33

1.5 30.74 35.71 3.56 16.05 11.13 2.26 3.15 9.88 15.46

1.6 31.25 36.42 3.58 15.78 11.89 2.18 3.39 9.07 16.62

1.7 31.82 37.21 3.61 15.54 12.67 2.10 3.64 8.25 17.83

1.8 32.44 38.11 3.66 15.33 13.45 2.02 3.90 7.44 19.09

1.9 33.15 39.11 3.72 15.18 14.25 1.95 4.17 6.65 20.39

2 33.94 40.24 3.79 15.10 15.05 1.87 4.45 5.89 21.73

2.1 34.81 41.48 3.87 15.08 15.86 1.80 4.74 5.17 23.11

2.2 35.79 42.86 3.97 15.14 16.68 1.73 5.03 4.51 24.52

2.3 36.86 44.37 4.09 15.28 17.50 1.66 5.34 3.90 25.97

2.4 38.06 46.05 4.21 15.51 18.34 1.59 5.65 3.35 27.47

2.5 39.39 47.89 4.35 15.83 19.21 1.52 5.98 2.86 29.03

2.6 40.85 49.90 4.50 16.25 20.09 1.44 6.32 2.45 30.63

2.7 42.41 52.03 4.66 16.76 20.99 1.37 6.66 2.11 32.26

2.8 44.04 54.25 4.83 17.35 21.87 1.30 7.00 1.86 33.88

2.9 45.72 56.52 5.00 18.00 22.72 1.23 7.34 1.69 35.46

3 47.43 58.81 5.18 18.72 23.54 1.17 7.66 1.60 37.00
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ties due to the extrapolation below 1%. Near 1.5 MeV,
which is more typical of breakup data, theNN interaction
plays a dominant role. This sensitivity seems to be difficult
to avoid.

We have performed a comparison with the potential
model [17] which provides a different energy dependence.
This is due to some limitations of the potential model:7Be
deformation and channel coupling are absent. As long as
spectroscopy only is concerned, these missing effects are
simulated by an appropriate choice of spectroscopic factors.
This might be possible with continuum states, but would
probably require effective nucleus-nucleus potentials.

The present GCM model has been applied to the8B and
8Li spectroscopy, with the goal of testing the wave functions.
We basically confirm the results of DB94, but we provide
additional information on ANC’s and spectroscopic factors.
The ANC’s of 8B and 8Li are found very similar to each
other, as expected from experiment[41]. In general, the
spectroscopic factors are in good agreement with experi-
ment. Our calculation predicts that the 5+3 component in the
ground state of8Li and 8B is important and amounts to about
30%. A similar effect has been observed in6He where the

dominant configuration isa+n+n, but where thet+ t chan-
nel, although much higher in the6He spectrum, plays a role
[64]. An experimental confirmation of this unexpectedly
large component in8Li or 8B would be welcome.
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APPENDIX

In this appendix we provideS17 in a numerical format.
For the MN force, we use two decompositions: according to
the total angular momentumJ and according to thesS,Ld
partial waves(see Table V).
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