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Astrophysical S factor and rate of "Be(p, y) B direct capture reaction in a potential model
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The astrophysical "Be(p, y) ®B direct capture process is studied in the framework of a two-body single-
channel model with potentials of the Gaussian form. A modified potential is constructed to reproduce the
new experimental value of the S-wave-scattering length and the known astrophysical S factor at the Gamow
energy, extracted from the solar neutrino flux. The resulting potential is consistent with the theory developed by
Baye [Phys. Rev. C 62, 065803 (2000)] according to which the S-wave scattering length and the astrophysical
S factor at zero energy divided by the square of the asymptotic normalization coefficient are related. The obtained
results for the astrophysical S factor at intermediate energies are in good agreement with the two data sets
of Hammache ez al. [Phys. Rev. Lett. 86, 3985 (2001); 80, 928 (1998)]. Linear extrapolation to zero energy
yields S;7(0) = 20.511’%% eV b consistent with the Solar Fusion II estimate. The calculated reaction rates are
substantially lower than the results of the NACRE II Collaboration.
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I. INTRODUCTION

The astrophysical capture process 'Be(p, y) ®B is the most
important nuclear reaction of the pp chain in the Solar Fu-
sion Model and in stellar nucleosynthesis [1-4]. A realistic
estimate of the reaction rate of this process is crucial for the
solution of the solar neutrino problem. The core temperature
of the Sun can be determined through the measurements of
the 8B neutrino flux with a precision of about 9% [5]. The rate
of the "Be(p, y) ®B reaction is used for modeling this solar
neutrino flux.

Many original research papers have been published in ad-
dition to reviews [2,3]. Direct measurements face difficulties
due to large Coulomb forces at low energies [6—12]. Coulomb
dissociation of ®B in the field of a heavy target has been ex-
perimentally studied in Refs. [13—17]. However, none of these
experimental studies could reach the energies below the solar
Gamow window at 0.019 MeV. As a result, the extrapolated
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value S;7(0) of the astrophysical S factor in the “Solar Fusion
I (SF II) workshop,

$17(0) = (20.8 % 0. 7expt £ LApeor) €V b (1)

has a large uncertainty [3].

From the theory point of view, potential models [18-21],
R-matrix parametrization [22], microscopic models [23-25],
three-body model [26], ab initio calculations [27,28], Skyrme-
Hartree-Fock theory [29], and halo effective-field theory [30]
have been developed. Results of most theoretical studies for
S17(0) belong to the aforementioned uncertainty range of the
SF 1I estimate. In Ref. [31] the reaction '°B(’Be, *B) °Be
was used for extracting the asymptotic normalization coef-
ficient (ANC) C for the the virtual transition p 4 'Be —
8B. Similarly, in Ref. [32] the ANC was extracted from
the data of the "Be(d, n) ®B transfer reaction. In Ref. [33] the
ANC was derived from the experimental cross section of the
Be(Li, 8Li) '2C charge-conjugate reaction. As first estab-
lished in Ref. [34], the astrophysical S factor at low energies
is mainly determined by the ANC. The idea is widely used
for estimating the astrophysical S factor of capture reactions
[31,32,35].

Besides the value of the astrophysical S factor at zero
energy, the most important property is the energy dependence
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of the astrophysical S factor at low energies below the Gamow
window. In Ref. [36] the coefficients of the Taylor expansion
in terms of energy around zero energy have been found for
a given potential. Due to the fact that the largest contribution
to the astrophysical § factor of the process at low energies
comes from the initial S-wave p + "Be scattering state, in
Ref. [37] the dependence of S(0)/C? and S'(0)/S(0) on the
S-wave p + 'Be scattering length have been studied in detail,
and important formulas have been derived.
On the other hand, recently in Ref. [38] the most
precise experimental values ag = 17. 34*% 33 and ap =
-3. 18+8 gg fm for the s-wave scattering lengths have been
obtained in the spin = 1 and spin = 2 channels, respectively.
Additionally, a new datum for the astrophysical S factor at the
Gamow energy has been extracted from the solar neutrino flux
[39] to be

517(19%S keV) = (19.0 £ 1.8) eV b. )

The aim of the present paper is to estimate S17 and correspond-
ing reaction rates in the potential model which reproduces
new values of the S-wave scattering length and of S;7 at the
Gamow energy. This paper is based on a single-channel po-
tential model [21]. First we examine and optimize the S-wave
potential parameters by fitting to the new value of ag;, then
we fit the bound P, state potential parameters based on the
new values of Sj;7 at the Gamow energy found in Ref. [39] as
described above. Then consistency of the resulting potential
with the theory of Ref. [37] is examined.

In Sec. II the theoretical model is described. Section III
contains the numerical results. Conclusions are drawn in the
last section.

II. THEORETICAL MODEL
A. Wave functions

In the single-channel potential model [40—42], the initial-
and final-state wave functions are defined as

5”( )
s = Yi(») ® xs(E)lym, A3)
and
ASTR) (p
“I’zjffS' = u—(){Ylf(V) ® xs'(§)}symy s 4)

respectively. The initial p — ’Be scattering states in the
381, Py, P1, 3Py, Dy, ®Dy, D3, and 3F; partial waves
are described by the radial wave functions which are solutions
of the two-body Schrodinger equation,

B d> L1+ 1)
[_ﬂ(ﬁ _ r2 ) + Vlsl(r)]ugsf)(r) — Eugsj)(r),
&)

where 1 is the reduced mass of p and "Be(3/2—), 1/u =
1/my + 1/my, and V'S (r) is a two-body potential in the par-
tial wave with the orbital angular momentum /, spin S, and
total angular momentum J. The wave-function 1’5/ (r) of
the final P, ground state is calculated as a solution of the
bound-state Schrodinger equation. The Schrédinger equation

is solved using the Numerov algorithm. The cross section,
the astrophysical S factor, and the reaction rates are estimated
using the accurate wave functions of the initial and final states.
The initial scattering wave function is found subject to the
asymptotic condition,

ug*"(r) = _cos 815/ (E)Fi (0, kr) + sin 815, (E)Gy(n. kr),
(©)

where k is the wave number of the relative motion, 7 is the
Zommerfeld parameter, F; and G; are regular and irregular
Coulomb functions, respectively, and §;5;(E) is the phase shift
in the (I, S, J)th partial wave.

The p—'Be two-body potential has the Gaussian
form [21],

VIS (r) = Vo exp(—aor?) + V. (r), 7

where the Coulomb part is taken in a pointlike potential
form [21].

B. Cross sections of the radiative-capture process

The cross section for radiative-capture process can be ex-
pressed as [2,21]

o(E)= ) 0,:(Q), (8)

JAR

where Q = E or M (electric or magnetic transition), A is a
multiplicity of the transition and J is the total angular mo-
mentum of the final state. For a particular final state with total
angular momentum J; and multiplicity A we have [2]

Z ) + 1) 3272 (L + 1)

2x+12
[S11[S2]  AA([A]!)? kT CH(S)

0y () =

x Z k2 , 9)
where [ and [; are the orbital momenta of the initial and
final states, respectively; k; and v; are the wave number and
speed of the p — "Be relative motion in the entrance chan-
nel, respectively; S; and S, are spins of the clusters p and
"Be, k, = E, /fic is the wave number of the photon corre-
sponding to energy E, = Ey, + E, where Ey, is the threshold
energy for the breakup reaction y +3 B —7 Be 4 p. Constant
C?(S) is a spectroscopic factor [2]. Within the potential ap-
proach where the bound and scattering properties (energies,
phase shifts, and scattering length) are reproduced, a value of
the spectroscopic factor must be taken equal to 1 [35]. We also
use shorthand notations [S] = 25 + 1 and [A]!! = 22X + D!

The reduced matrix elements are evaluated between the
initial W} and the final \IJIJ/S state wave functions. The elec-
tric transition operator in the long-wavelength approximation
reads as

s a2 wi)|*

A
M, = e 2 V(). (10)

j=1

where 7/ = 7; — Rem. is the position of the jth particle in
the center-of-mass system. Its reduced matrix elements can
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be evaluated as [2]

(9

—elz (2 k+z —A A5
=e 1 A 2 A SS!

poas (AN 40 (7 1S
X(—1)++ <_47r ) CA/()IO lf Jf A

M3 || wis)

o0
x/ ugsj)(r)r’\u(lfSJf)(r)dr, (11)
0

where A;, A, are the mass numbers of the clusters in the en-
trance channel A = A; + A,. The magnetic transition operator
reads as [2]

[3 & Z;
My, = P > [MNA—{Z.W + 2#./5_1'“}
j=1 !
A1Z,

=2 Lz, Du42(u181, + 1285,
=Var MUN AA, | AA, i M9 T M202u) |

12)

where py is the nuclear magneton, p; is the magnetic mo-
ment, and 7 iu (= —1,0,+1) is the projection of the orbital
angular momentum of the jth particle. The projection of the
orbital angular momentum of the relative motion is denoted
as lAm. The magnetic M1 transition operator consists of the
orbital and spin parts,

3
_n_[Ml(l)‘|‘M1(S)]- 13)

The orbital part of the reduced matrix elements of the mag-
netic M1 transition operator reads as

AZL AZ
(W), |M1(l)||‘l’/s)=uw(ﬂ+ A‘A;) I+ DI

AA,

x(—l)"l{j f

where the exponential part of the phase factor x; =S+ 1 +
J + 1. The spin part of the magnetic M1 transition operator for
the first particle (proton),

J
! }aufasylif, (14)

Y

= 21,(—1)*/S1(S1 + DISIIISIIS V]
Si S S|S 1 J
x {s5 3 SlHJf 1 S’}(S”-flif’ (15)

with the exponential part of the phase factor x» = S| + 5, +
2§ + 1+ Js. In the above formula and everywhere we set
Sy =8,=1/2, S, =S(Be)=3/2 and &' =S =1 due to
the use of the single-channel approximation. The spin part of
the reduced matrix elements of the M1 transition operator for

(/s [ M1 s wis)

TABLE 1. Values of the depth (V,) and width (¢) parameters of
the original and modified p — "Be potentials V;, and Vj, in different
partial waves.

wHy, Vo MeV) a (fm™?) E *Bps (MeV)
35, —343.0 1.0 —110.13
381 (Var) —100.0 0.876 —2.42
Py —580.0 1.0 —102.25
3p —709.85 0.83 —205.38
3p, —330.414634 0.375 —96.59
38, (Vir) —300.5003 0.340 —87.86
3P (Vig) —272.2387 0.307 —79.61
3p, (Vi) —333.8405 0.379 —95.59
3Dy —343.0 1.0

3D, —116.04 0.095 —20.45
3D>(Vir) —193.0 0.15 —37.92
’Ds —343.0 1.0

2 —104.555 0.055 —15.99

the second particle ("Be) reads as
J
("I'lfy

= 217 (—1)Y*y/$2(S2 + DISHIISIS TV
S s S|S 1 U
x {52’ | Sz}{ff 1 s’}(s”fll'f 319

where k3 =S + S8, + S5+ 8 + 1+ J; and the overlap inte-
gral is given as

[3 [~ :
L= — / ug™ (yulrS 0 (r)ar. (17)
’ 4 0

In the above equations the magnetic moments are taken as
mp =2.792847un and w1, = —1.398uy for the first and
second particles, respectively.

Finally, the astrophysical S factor of the process is ex-
pressed in terms of the cross section with the help of the
equation [43],

My (52)] wis)

S(E) = Eo(E)exp(2mn). (18)

III. NUMERICAL RESULTS

A. Details of the calculations and interaction potentials

The Schrodinger equation in the entrance and exit chan-
nels is solved with the two-body p — "Be central potentials
of the Gaussian form [21] as defined in Eq. (7) with the
corresponding pointlike Coulomb part. For consistency we
use the same model parameters as in the aforementioned pa-
per, i.e. Fzz/Z (amu) = 20.7343 MeV fm?, m, =A; amu =
1.007 276 4669 amu, mp, = A, amu = 7.014 735 amu.

The scattering wave-function ug (r) of the relative motion
is obtained by solving the Schrodinger equation using the
Numerov method with an appropriate potential subject to the
boundary condition specified in Eq. (6).

The depth V; and width « of the p — "Be potentials are
given in Table I. We use four parameter sets for the origi-
nal potential Vp, from Ref. [21] and the modified potentials
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8 [deg]

FIG. 1. Phase shifts in the (a) *S;, (b) 3P, and (c) 3D, partial
waves of the p — 'Be scattering state with potentials V, and V.

Vs Vms, and Vi, respectively. The potentials Vp and Vi
differ from each other only in the 38y, 3Py, and D, par-
tial waves, whereas potential models Vj,, and V),_ differ
from Vj; only in the 3P, bound channel. The last column
of the table contains energies of the forbidden states in the
351, 3Py, 3Py, 3P, PDy partial waves. The parameters of the
modified V), potential are fitted to reproduce the scattering
length ao; in the 3§, partial wave, binding energy of the
8B(2*, 1) ground state and the experimental astrophysical
S factor at the Gamow energy in the 3P, partial wave, and the
experimental astrophysical S factor around the 3D, resonance.

First we examine how the scattering length ay, is described
with the original Vj, potential in the 3S; wave. As discussed in
the Introduction, the most realistic experimental data ag,” =
17.3471-1 fm [38] for the spin = 1 channel should be re-
produced by the p — "Be potential. However, the original Vj,
potential yields an estimate of af} = —0.26 fm, which does
not reproduce even the sign of the data. In Table I we present
the fitted parameters of the new modified potential V), in the
3S) partial wave which yields an estimate of af)hl = 17.34fm

25 T T T AL | T T T AL |
I — s p
Vi) = "Py(Vy)
3 3
ol S (V) = PV ]
3 3
- S,(V) = PV, ]

S (E) [eV b]

3 3
10' DZ(VM) - PZ(VM)
L 3 3
e Dz(VM) —> Pz(VD)
3 3
"""""" D2(VD) - Pz(VD)

S, (E) [eV b]

10" ¢

E  [MeV]

FIG. 2. Astrophysical S factors for the "Be(p, y) *B synthesis
reaction due to the E1 transitions (a) 3S; — >P, and (b) *D, —
3p, estimated within the potential models V) and V), and their
combination.

for the scattering length. The parameters of the modified po-
tentials Vis, Vire, Vi— in the 3P, bound channel are adjusted
according to two conditions. The first condition for the poten-
tial is the binding energy Ej, = 0.1375 MeV of the SB(2*, 1)
ground state. The second condition comes from Eq. (2). It
represents the experimental value of the astrophysical S factor
at the Gamow solar energy. The potential V), reproduces the
central experimental value, whereas the potential models V.
and Vj,_ reproduce the upper and lower boundaries of the
astrophysical S factor at the Gamow energy, respectively. The
last condition could as well be replaced by the relation,

5,(0)/C* ~ 35.6(1 — 0.0014ag;) eV b fm
~ 34.74 eV b fm, (19)

from Ref. [37], where ay, is in femtometers. This relationship
connects the scattering length with the ANC and the astro-
physical S factor at zero energy due to the transition from
the initial S scattering wave. In other words, the above two
conditions from Egs. (2) and (19) should be equivalent. Since
Eq. (19) needs an extrapolated value of the astrophysical S
factor at E = 0, its uncertainty is quite large. This is why
we use Eq. (2) to define the potential parameters in the 3p,
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S _(E) [eV b]

E_[MeV]
FIG. 3. The partial E1, E2, and M1 components of the astro-
physical S factor for the "Be(p, ¥) ®B capture process within the Vj,
potential model.

partial wave. Then consistency of the new potential with the
relation in Eq. (19) will be examined. The original Vp and
the modified Vj;, Vir4, V- potentials yield values C? =
0.496, C? = 0.538, C?> =0.590, and C? = 0.488 fm~!, re-
spectively, for the ANC of the bound 3P; state.

Finally, the parameters of the modified potential in the
partial 3D, wave are chosen to reproduce the astrophysical
S factor in the second resonance region around £ = 3 MeV.

In Fig. 1 we show the description of the phase shifts in
the 3S;, 3P, and D, partial waves. As can be seen from the
figure, the potentials V and V), yield a similar phase-shift
description in the partial waves *P, and 3D, but display signif-
icantly different descriptions in the partial 3§; wave channel.

B. The astrophysical S factor and the reaction rates
of the "Be(p, y) ®B capture process

The astrophysical S factor and reaction rates of the
"Be(p, y) ®B direct radiative-capture process presented below
are calculated with the potentials Vp and V). The partial
astrophysical § factors estimated with the above potential
models and their combination for the initial 3S; channel are
presented in Fig. 2 [panel (a)]. As can be seen, the potential
model V), yields results quite different from the Vp model
ones for both absolute values and energy dependence of the
S factor. This is, first, due to the fact that these models yield
different values for the scattering length ay; and, second, due
to the relation between the astrophysical S factor and the
scattering length ag; given in Eq. (19). On the other hand,
the value of S,(0.6 keV)/C2 = 35.18 eV b fm, calculated for
the 3S,(Vay) — 3P, (Vp) transition with a combined potential
model is larger than the value of 34.74 eV b fm from Eq. (19).
The corresponding estimate for the 3§;(Vy;) — 3P (Vyy) tran-
sition at the energy E = 0.6 keV is about 34.57 eV b fm,
which is more consistent with the underlying theory [37].

In panel (b) of Fig. 2 we show the partial astrophysical
S factors estimated for the initial 3D, resonance channel.
Here the parameters of the model V), have been adjusted to

Junghans et al. (2010)
Takacs et al. (2018)
Schiimann et al. (2006)
Hammache et al. (1998)
Hammache et al. (2001)
Iwasa et al. (1999)

100 |

> e % p

17

S (E) [eV b]

FIG. 4. Astrophysical S factor for the "Be(p, y) B synthesis
reaction within the potential models Vp and Vj; in comparison with
available experimental data. The shaded area represents the uncer-
tainty corresponding to the potential model V),.

reproduce the experimental astrophysical S factor around the
resonance energy. Below we see that this is possible.

Figure 3 compares the partial astrophysical S factors for
different initial scattering channels obtained within the po-
tential model Vj;. One can see that the most important
contribution at low energies comes from the initial >$; channel
due to the electric E'1 transition. The E1 transitions from
the initial Dy, 3D,, and 3Ds scattering channels altogether
yield a contribution that is less than the contribution from the
main 3§, channel by an order of magnitude at low energies.
However, they become comparable at energies beyond the
resonance region. The partial M1 transition from the initial
3p scattering wave and E'1 transition from the 3D, wave are

T T T
1
53]
3
z
S
L
= --—— NACRE I (2013)
>0 e Du et al. (2015)
o
=, v,
=
VM
0 1aal L L4l L Loaoa 1l L PR A
0.01 0.1 1 10

TQ
FIG. 5. Reaction rates of the direct p + 'Be — ®B +y capture
process within the Vp and V), potential models normalized to the
experimental data by the NACRE Collaboration [2]. The shaded area
represents the uncertainty corresponding to the potential model V).
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TABLE II. Theoretical estimations of the direct 7Be(p, v) B capture reaction rate in the temperature interval 1K< T <L109K
0.001 £ Tp < 10).

T Ey (MeV) AE, (MeV) Na(ov) (em’mol~'s™")

Vi Vir Vit Vi
0.001 0.003 0.001 4.99 x 10738 5.19 x 10738 5.67 x 1073 471 x 1073
0.002 0.005 0.002 5.19x 107% 541 x107% 591 x10°% 491 x107%
0.003 0.006 0.003 1.21 x 107 1.26 x 1072 1.37 x 107 1.14 x 107
0.004 0.007 0.004 6.77 x 1072 7.05 x 1072 7.71 x 1072 6.40 x 1072
0.005 0.009 0.004 6.07 x 1072 6.32x 1072 6.91 x 1072 5.74 x 1072
0.006 0.010 0.005 1.87 x 10718 1.94 x 107'® 2.12x107'8 1.76 x 1018
0.007 0.011 0.006 2.87 x 1077 2.99 x 1077 3.26 x 107V 2.71 x 107V
0.008 0.012 0.007 2.72 x 10710 2.84 x 10710 3.10 x 1071 2.57 x 1071°
0.009 0.013 0.007 1.82x 10715 1.90 x 10713 2.07 x 10715 1.72 x 10715
0.010 0.014 0.008 9.35x 10715 9.74 x 10715 1.06 x 1074 8.83 x 10715
0.011 0.015 0.009 3.90 x 1074 4.06 x 10~ 4.44 x 10~ 3.69 x 10714
0.012 0.015 0.009 1.38 x 10713 1.44 x 10713 1.57 x 10713 1.30 x 10713
0.013 0.016 0.010 427 x 10713 4.45 %1071 4.86x 1071 4.03x 10713
0.014 0.017 0.010 1.18 x 1072 1.23 x 1012 1.34 x 10712 1.12x 1072
0.015 0.018 0.011 2.97 x 107" 3.10 x 102 3.38 x 10712 2.81 x 1072
0.016 0.019 0.012 6.92 x 10712 7.20 x 102 7.87 x 1072 6.53 x 10712
0.018 0.020 0.013 3.07 x 10~ 3.20x 10~1 3.50 x 1071 2.90 x 1071
0.020 0.022 0.014 1.11 x 10710 1.15%x 10710 1.26 x 10710 1.05 x 10710
0.025 0.025 0.017 1.44 x 107° 1.50 x 10~° 1.64 x 107 1.36 x 10~
0.030 0.028 0.020 1.01 x 1073 1.05x 1078 1.15x 1078 9.54 x107°
0.040 0.034 0.025 1.72 x 1077 1.78 x 1077 1.95 x 1077 1.62 x 1077
0.050 0.040 0.030 1.27 x 10°° 1.32 x 107° 1.44 x 107 1.20 x 107
0.060 0.045 0.035 5.81 x 107° 6.02 x 1076 6.58 x 1076 5.46 x 107°
0.070 0.050 0.040 1.95 x 1075 2.02 x 1073 2.20 x 1075 1.83 x 1073
0.080 0.055 0.045 5.27 x 1073 545 %1073 5.95 % 1073 4.94 x 1073
0.090 0.059 0.049 1.22x 1074 1.26 x 1074 1.37 x 1074 1.14 x 1074
0.100 0.063 0.054 2.50 x 1074 2.58 x 1074 2.82x 1074 234 %1074
0.110 0.068 0.058 4.69 x 10~ 483 x 107 527 x 1074 438 x 1074
0.120 0.072 0.063 8.15x 10~* 8.39 x 10~* 9.17 x10* 7.61 x 1074
0.130 0.076 0.067 1.34 x 1073 1.37x 1073 1.50 x 1073 1.24 x 1073
0.140 0.079 0.072 2.09 x 1073 2.14 x 1073 2.34x 1073 1.94 x 1073
0.150 0.083 0.076 3.12x 1073 3.20x 1073 3.49 x 1073 2.90 x 1073
0.160 0.087 0.080 451 %1073 4.61 x 1073 5.04 x 1073 4.18 x 1073
0.180 0.094 0.088 8.63 x 1073 8.81 x 1073 9.63 x 1073 7.99 x 1073
0.200 0.101 0.096 1.51 x 1072 1.53 x 1072 1.68 x 1072 1.39 x 102
0.250 0.117 0.116 458 x 1072 4.63 x 1072 5.06 x 1072 420 % 1072
0.300 0.132 0.135 1.06 x 107! 1.07 x 10~! 1.17 x 107! 9.68 x 1072
0.350 0.146 0.153 2.07 x 10~! 2.07 x 10~! 2.26 x 10™! 1.88 x 107!
0.400 0.160 0.172 3.59 x 10~! 3.57 x 107! 3.90 x 107! 3.23x 107!
0.500 0.186 0.207 8.53 x 107! 8.35x 107! 9.13 x 107! 7.58 x 107!
0.600 0.210 0.240 1.66 x 10° 1.60 x 10° 1.75 x 10° 1.46 x 10°
0.700 0.232 0.273 2.85 x 10° 2.72 x 10° 2.96 x 10° 2.49 x 10°
0.800 0.254 0.306 4.50 x 10° 4.27 x 10° 4.61 x 10° 3.92 x 10°
0.900 0.275 0.337 6.69 x 10° 6.28 x 10° 6.76 x 10° 5.81 x 10°
1.000 0.295 0.368 9.46 x 10° 8.82 x 10° 9.44 % 10° 8.20 x 10°
1.500 0.386 0.516 3.18 x 10! 2.89 x 10! 3.04 x 10! 2.74 x 10
2.000 0.468 0.656 6.45 x 10! 5.78 x 10! 6.05 x 10! 5.51 x 10’
2.500 0.543 0.790 1.03 x 102 9.13 x 10 9.59 x 10" 8.67 x 10
3.000 0.613 0.919 1.45 x 10? 1.28 x 102 1.35 x 102 1.21 x 10?
4.000 0.743 1.168 2.38 x 102 2.10 x 102 2.24 x 102 1.96 x 10?
5.000 0.862 1.407 3.41 x 102 3.05 x 102 3.28 x 102 2.82 x 102
6.000 0.973 1.638 4.53 x 10? 4.12 x 102 4.47 x 102 3.79 x 10%
7.000 1.078 1.863 5.71 x 102 5.30 x 102 5.76 x 102 4.84 x 10?
8.000 1.179 2.082 6.93 x 102 6.55 x 102 7.14 x 102 5.96 x 102
9.000 1.275 2.297 8.18 x 10? 7.84 x 102 8.57 x 102 7.13 x 10%
10.00 1.368 2.507 9.45 x 102 9.18 x 102 1.00 x 103 8.33 x 102

045806-6



ASTROPHYSICAL S FACTOR AND RATE OF ...

PHYSICAL REVIEW C 104, 045806 (2021)

responsible for the first and second resonances at energies
0.633 and 2.988 MeV, respectively.

In Fig. 4 we present the total astrophysical S factor of the
"Be(p, y) ®B process obtained within the potential models Vj
and Vj,. The uncertainty in the results with the V), model
shown as a shaded area originates from the upper and lower
boundaries of Eq. (2). They are obtained with the potentials
Vi and Vy,_, respectively.

As can be seen from the figure, the results for the potential
model Vj, are mostly consistent with the two data sets of
Hammache et al. [10,11]. Other measurements [12,14,17,39]
show higher values in the vicinity of the resonance.

A behavior of the astrophysical S factor near zero energy is
more complex. Our estimates within the V), potential model
are S;7(1 keV) = 19.64 and S17(0.6 keV) = 20.07 eV b. An
extrapolation to the zero energy with the help of the ANC
method [44] yields

S17(0) &~ 20.51 eVb. (20)

The corresponding extrapolation for the potential models Vj; 4
and Vj,_ yields upper and lower boundary values,

S17(0) =~ 22.53 eV b, 21)

S17(0) ~ 18.66 eV b. 22)

Our estimates are slightly lower than the SF II estimate [3]
quoted in Eq. (1).

Finally, estimated reaction rates within the models V, and
Vi are presented in Table II and Fig. 5. The last two columns
of Table II present the upper and lower boundaries for the
reaction rate, obtained with the potential Vj,. In the second
and third columns of the table, “the most effective” energy Ej
and the width of the Gamow window AEj are given [2]. One

can note that our theoretical results are substantially lower
than the estimates of the NACRE II Collaboration [45] and
Du et al. [46].

IV. CONCLUSIONS

The astrophysical "Be(p, y) ®B direct capture process has
been studied within the two-body potential model using the
single-channel approximation. The modified potential is con-
structed to reproduce the new experimental value of the
S-wave-scattering length and the known astrophysical S factor
at the Gamow energy, extracted from the solar neutrino flux.
The modified potential is consistent with the theory of Baye
[36] which connects the S-wave-scattering length with the
astrophysical S factor at zero energy divided by the square
of ANC.

The results obtained for the astrophysical S factor within
the modified potential approach are in accordance with the
data of Hammache et al. in contrast to those obtained using
the original potential by Dubovichenko ef al. [21]. The value
of the astrophysical S factor extrapolated to zero energy is
found to be S17(0) & 20.51*3-03 eV b which is consistent with
the SF II estimates [3]. Although its uncertainty is marginally
different from the total uncertainty of 2.1 eV b of the Solar
Fusion II model, it is somewhat larger than the theoretical
uncertainty of 1.4 eV b. Another important result is that the
calculated reaction rates are lower than the results of the
NACRE II Collaboration [45].
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