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Breakup and core coupling in 14N„

7Be,8B…13C
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Several approximations are commonly made when studying transfer reactions with8B, in particular, those
used for extracting astrophysical information. We study the influence of the spin and deformation of the7Be
nucleus on the asymptotic normalization coefficients extracted from the reaction14N(7Be,8B)13C and find that
it has little influence in the value of the extracted astrophysicalS-factor S17(0). We also discuss the weak
continuum effects found for this reaction under the light of new breakup calculations.

DOI: 10.1103/PhysRevC.67.047602 PACS number~s!: 24.10.Ht, 21.10.Jx, 24.10.Eq, 25.70.Hi
d
n

r
e

re

e
ia
e
m
a-

p
e

n
e
o
s
th

ar
te

e
p
su

ul

c-
he

dly
ngs
re-

-step

to
ent

fer
ex-

ergy
tion
as
l

gs

lv-
t
e

The reaction14N(7Be,8B)13C at 84 MeV was measure
with the aim of extracting an asymptotic normalizatio
coefficient ~ANC! for the 8B vertex @1#, using the DWBA
method. A direct relation between the ANC and the ze
energy S-factor S17 enables the determination of th
astrophysical rate of the proton capture on7Be, within
a 10% uncertainty, competitive with the direct captu
measurements.

Following that work, two theoretical contributions hav
looked into specific approximations, corroborating the init
results. In Ref.@2#, the effect of inelastic couplings of th
target are studied using coupled channels Born approxi
tion ~CCBA! and rotational couplings for the target excit
tions. Due to the spherical nature of14N, these effects are
shown to be unimportant in this reaction. In Ref.@3#, the
effect of the breakup of8B is studied using the CDCC-BA
formalism~continuum discretized coupled channels Born a
proximation!. It is shown that, even if at large angles th
couplings to the continuum of8B have a strong influence in
the elastic process8B113C, the transfer cross sectio
14N(7Be,8B)13C is not affected significantly, specially in th
forward angular region where data was taken. In this sh
contribution we address further aspects related to the tran
reaction, namely, the breakup channel and the spin of
core.

Earlier CDCC studies of the breakup of8B @4,5#, show
that couplings from the ground state to the continuum
strong, due to the proximity to threshold of the bound sta
In addition, those calculations show a very large effect du
the couplings between continuum states themselves, im
ing that these couplings, too, are strong. One could then
pect that, in a transfer reaction involving8B, these con-
tinuum couplings could change the features for the ang
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and/or energy distributions in a way that would not be a
counted for by an optical model description. This was t
motivation for the work in Ref.@3#. However, the results
show that, when including the couplings from the8B ground
state~g.s.! to the continuum, the transfer cross section har
changes and, moreover, continuum-continuum coupli
have no effect on the transfer. The scheme in Fig. 1 rep
sents the various physical processes that may occur: one
transfer to the g.s., transfer into the continuum of8B, and
inelastic~de!excitation of 8B following the transfer.

We study the breakup channel in more detail, in order
distinguish first-order and higher-order couplings. Our rec
work @6# includes calculations for the breakup of8B on 13C
at 78 MeV, corresponding to the exit channel of the trans
reaction under study. Results are presented in Fig. 2. As
pected, the magnitude of the breakup to the relevant en
bins is large when compared to the transfer cross sec
14N(7Be,8Bg.s.)

13C. Breakup couplings are indeed strong,
seen in other reactions@4,5#. However, by comparing the ful
breakup CDCC calculation@solid line in Fig. 2~a!# with the
truncated calculation where continuum-continuum couplin
are switched off@dashed line in Fig. 2~a!#, we find that

C+

ε=0.137

Q=7.41=7.55
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FIG. 1. Schematic illustration for the various processes invo
ing the one proton transfer from14N to 7Be. The arrows represen
the transfer to the8B ground state, the transfer coupling to th
continuum of8B and the8B breakup couplings.
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continuum-continuum couplings do not change the mag
tude of the cross section but rather redistribute the fl
within the continuum. This is verified by the numerical va
ues of the total breakup cross sections: calculations with
without continuum-continuum couplings producesbu
5125 mb andsbu5123 mb, respectively.

Next, we compare the transfer14N(7Be,8B)13C to the g.s.
of 8B with that into its continuum14N(7Be,8B* )13C. Note
that both the above mentioned processes are first order,
by summing all the bin contributions for the transfer into t
continuum of 8B, one obtains a total cross sections tr

cont

51.2 mb, of the same order as the g.s.-transfer cross se
s tr

g.s.51.4 mb. Results are presented in Fig. 2~b! where the
g.s.-transfer transition, represented by the discrete lin
given in mb, and the energy distribution cross section for
transfer to the continuum is given in mb/MeV.

When studying the influence of8B breakup in the transfe
to the ground state, the continuum path is a second-o
process, or higher, and for this reason typically suppresse
could still have an effect if, in compensation, couplings
volved were stronger than the g.s.-transfer coupling. Y
even if the inelastic couplings between ground state and c
tinuum of 8B are very strong, the continuum-transfer co
plings are comparable to the g.s.-transfer coupling. Con
quently, we find the small effect of breakup
14N(7Be,8Bg.s.)

13C.
The partial wave decomposition of the cross section

transferring the proton into the continuum of8B, as a func-
tion of the p-7Be relative energy, is shown in Fig. 3: thi
lines are for one step cross sections, where the proto
transferred directly into a specific angular momentum bin
the continuum, and thick lines are for the full CDCC-B
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FIG. 2. ~a! CDCC breakup cross section for8B113C at 78
MeV: results including continuum-continuum couplings~solid line!
and switching them off~dashed line!. ~b! DWBA cross section for
the transfer to the g.s. and the continuum states of8B at 84 MeV.
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calculation, where the proton is allowed to jump between
g.s. of 8B and the various continuum bins, in a multiste
path. Calculations were performed using the same opt
potentials and binding potentials as those in Ref.@3#. Fur-
thermore, thep-7Be continuum is discretized using, for eac
partial wave, 10 bins of equal momentum width, such t
the minimum p-7Be energy isEmin50.01 MeV and the
maximum energy isEmax520 MeV. In order to make the
calculations feasible, we did not includef waves. In fact,f
waves are only necessary for precise quantitative results,
will not change the conclusions from this discussion. In F
3, the p-wave contribution evidently dominates over thes-
and thed-wave cross sections. When comparing DWBA a
CDCC-BA results, one realizes that continuum couplings
affect the transfer differential cross section. Generally
continuum produces a slight enhancement of the cross
tion and changes the shape of the energy distributions. N
ertheless, these effects are insignificant when compared
the dominant channel, the transfer to the ground state.

The CDCC formalism@7# spans the continuum space b
taking a finite set of continuum bins. This space is trunca
by the maximum radius for the integration of the continuu
bins, the maximum number of the partial waves for t
p-7Be relative motion, the maximump-7Be relative energy
and the width considered for each bin. Generally, in orde
get converged results, CDCC calculations become very la
Therefore, it is common practice to neglect the spin of7Be
in CDCC calculations for reactions involving8B, with the
aim of reducing the number of channels that need to
coupled@3–5,8#. Then, the8B ground state, for instance, i
represented by@p3/2^ 01#3/22 instead of@p3/2^ 3/22#21.

For spin-independent interactions, the transfer proces

0 5 10 15 20
ε (MeV)

0

0.05

dσ
tr
/d

ε 
(m

b/
M

eV
)

d3/2

d5/2

0

0.05

dσ
tr
/d

ε 
(m

b/
M

eV
)

p1/2
p3/2

0

0.05

dσ
tr
/d

ε 
(m

b/
M

eV
)

s1/2

Transfer: 
14

N(
7
Be,

8
B

*
)
13

C @ 84 MeV

FIG. 3. The partial wave decomposition of the one proton tra
fer from 14N into the 8B continuum: the energy distribution for th
one-step DWBA calculation~thin lines! and the energy distribution
for the full CDCC-BA calculation~thick lines!.
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identical whether7Be is considered spinless or not. As di
cussed in Ref.@3#, one should just take care of statistic
factors. When coupling the real spin of7Be with ap3/2 pro-
ton, several spins can be obtained for the composite sys
8B: 01, 11, 21, and 31. All of them are contained in@p3/2
^ 01#3/22, the representation for8B when the 7Be is as-
sumed to be spinless. As the transfer react
14N(7Be,8Bg.s.)

13C selects only the g.s. with spin 21, the
transfer cross section calculated assuming zero spin for7Be
needs to be multiplied by 5/16, representing the relat
weight of the 21 component. This is included in the resul
presented in Ref.@3# for a meaningful comparison with th
data.

In principle, however, one should consider spin-depend
interactions.7Be is known to have a large quadrupole m
ment, and the low lying excited state has a strongE2 cou-
pling with the ground state. Both these factors induce ad
tional physics that cannot be investigated when the spi
neglected. Let us then consider the various8B components
of the ground state that should be included when the s
couplings of the7Be core (3/22) and its first excited state
(1/22) are correctly taken into account:~a! @p3/2^ 3/22#,
~b! @p1/2^ 3/22#, ~c! @p3/2^ 1/22#.

We repeat the CDCC-BA calculations of Ref.@3# using
the spectroscopic amplitudes taken from Ref.@9#: 0.9884 for
~a!, 20.2364 for~b!, and 0.4303 for~c!. In Fig. 4, we present
the full transfer differential cross section obtained: the dot
curve corresponds to taking only the first component~a!, the
dashed curve also includes thep1/2 component~a!1~b!, and
the solid curve is the result obtained when the excited co
ponent 1/22 of the core is included, yet not coupled to th
core ground state. Finally, the dots are the results when
troducing the reorientation and excitation couplings. We ta
an approximate value ofb250.5 and use the rotationa
model to calculate these couplings. We do not introduce
formation in the continuum bins.

In conformity with other calculations@1#, we obtain a
small p1/2 cross section, such that the effect on the to
transfer cross section is a slight enhancement, mostly vis
at very forward angles. The effect of core excitation is a
modest, having its maximum value of 2% around the pea
the distribution. The dynamical effects of core deformati
ys
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are hardly noticeable, as can be verified in Fig. 4. Th
various effects are below the precision of the data@1#.

In conclusion, we understand the negligible effect of t
breakup of8B in the transfer14N(7Be,8B)13C as due to the
superposition of two facts:~i! breakup only enters throug
second-order processes, or higher;~ii ! there is a larger
Q-value mismatch than for direct transfer, resulting in
continuum-transfer coupling slightly smaller although co
parable to the g.s.-transfer one. We also prove that, in
case, core spin, core excitation, and core deformation ha
minor effect in the transfer process. Given the'10% error
bars existent in the data@1#, these core effects do not intro
duce additional uncertainties in the extracted ANC.

Support from Fundac¸ão para a Cieˆncia e a Tecnologia
~F.C.T.! under Grant Nos. SAPIENS/36282/99 and POC
43421/FNU/2001, and EPSRC under Grant No. GR/
82141 are acknowledged. One of the authors~A.M.M.! ac-
knowledges a F.C.T. grant.

0 5 10 15 20 25 30
θ (degrees)

0

5

10

15

20

d
σ/

d
Ω

 (
m

b
/s

r)

(a)
(a+b)
(a+b+c)
(a+b+c) with core deformation

FIG. 4. The differential cross section for the14N(7Be,8B)13C
reaction: the dashed line includes only thep3/2 proton coupled to the
g.s. of the core, the long-dashed line contains also thep1/2 compo-
nent and the solid line contains the core excitation component~c! as
well. The dots correspond to the same calculation~a!1~b!1~c! but
introducing core deformation.
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