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Spectroscopic factors derived from direct capture studies are systematically compared to those obtained from
transfer reaction experiments and from shell model calculations for the A=16–32 target mass region. The
direct proton capture and proton transfer spectroscopic factors are obtained in the present work from a reanaly-
sis of literature data by using thesame bound state potential parameters. Our direct capture spectroscopic
factors differ significantly from the values originally reported in the literature. The sensitivity of the direct
capture cross section to different choices for the scattering potential is explored. We find evidence that spec-
troscopic factors obtained from direct capture studies are as reliable as those extracted from transfer measure-
ments if the (direct capture) radial scattering wave function is calculated with a zero nuclear scattering
potential instead of the common choice of a hard-sphere potential.
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I. INTRODUCTION

According to the nuclear shell model, a spectroscopic fac-
tor depends on the overlap integral between the final state
and the state formed by coupling the target state with the
transferred particle to a coupled-channel state[1]. Spectro-
scopic factors obtained from experimental data provide im-
portant tests of shell-model wave functions since they are
related to the occupation probabilities of individual single-
particle orbits. Spectroscopic factors also represent one of
the most important input information in the field of nuclear
astrophysics. Both the nonresonant(i.e., direct capture) and
the resonant contributions to thermonuclear reaction rates are
directly proportional to the magnitude of spectroscopic fac-
tors [2].

The majority of spectroscopic factors have been measured
in transfer reaction studies by using the distorted-wave Born
approximation(DWBA) model of direct nuclear reactions
[3]. The DWBA cross section is calculated from the distorted
waves of the incoming and outgoing reaction channels, and
from the bound state wave function of the transferred par-
ticle. In order to achieve agreement between theory and ex-
perimental data, the differential cross section is calculated
for shell-model wave functions with various values of the
transferred orbital angular momentum until the shape of the
cross section is found to agree. The factor by which theory is
multiplied to achieve agreement in magnitude provides the
value of the spectroscopic factor for the final state. Uncer-
tainties introduced by this method are related to the values of
the optical model parameters to be employed, to the param-
eters determining the bound state radial wave function, and
to contributions from multistep or compound-nucleus forma-
tion processes to the measured cross section. These difficul-
ties are reflected especially in the older literature where dif-
ferent authors report very different values of spectroscopic
factors for the same nuclear levels. More recent proton strip-

ping reactions, however, have employed more reliable opti-
cal model parameters and were also performed at sufficiently
high bombarding energies at which compound-nucleus for-
mation is negligible. Consequently, spectroscopic factors
from these experiments show much better agreement. One of
the most extensive and reliable investigations of absolute
spectroscopic factors derived froms3He,dd proton stripping
reactions has been reported recently by Vernotteet al. [4].

Many authors do not report errors for spectroscopic fac-
tors measured with stripping reactions, mainly because of
difficulties in quantifying the systematic effects mentioned
earlier. Some authors adopted an error estimate which has
been obtained from the comprehensive evaluation of mea-
sured single-particle spectroscopic factors in the A=21–44
mass region by Endt[5]. A comparison of spectroscopic fac-
tors for different reactions[e.g.,s3He,dd and sd,nd] and for
mirror states[e.g.,s3He,dd andsd,pd] resulted in an experi-
mental error of about 25% for individual measurements.

To a lesser extent, spectroscopic factors have also been
measured in studies of direct proton capture. The method has
been pioneered by Rolfs[6] and most direct capture experi-
ments have been performed by the groups at Toronto[6–8],
Münster [9–11], and Notre Dame[12,13]. A partial list of
references is given in Table I. Direct capture has been de-
scribed as a single-step process where the proton is directly
captured, without formation of a compound nucleus, into a
final bound state with the emission of ag-ray. There are
similarities between the processes of direct proton capture
and proton stripping. For example, the measured cross sec-
tions for both processes are directly proportional to the spec-
troscopic factors of the final bound states. Furthermore, in
both cases the theoretical cross sections, as well as the de-
duced spectroscopic factors, depend sensitively on the pa-
rameters of the potential used to calculate the bound state
wave function. However, there is a difference, as pointed out
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by Ref.[6]. Direct proton capture is induced by the relatively
weak and well-known electromagnetic interaction, while
proton stripping proceeds via the stronger and less well-
known nuclear force. For this reason, some authors have sug-
gested that direct capture studies may yield more reliable
spectroscopic factors compared to those deduced from pro-
ton transfer reactions. On the other hand, the direct capture
method has a certain disadvantage compared to the DWBA
procedure, which is rarely appreciated in the literature. While
most recent proton-stripping studies were performed at suf-
ficiently high bombarding energies in order to minimize
cross section contributions from compound-nucleus forma-
tion, such a choice is usually not possible in studies of direct
proton capture which are typically performed in the presence
of strong (and sometimes overlapping) broad resonances.
Evidently, the larger the resonance contribution to the total
cross section, the more difficult the determination of the di-
rect capture amplitude will be.

It is interesting to note that in his evaluation, Endt[5]
remarks that, as yet, it is difficult to judge the reliability of
extracting spectroscopic factors from direct proton capture
experiments. He also notes that for the reactions20Ne+p and
24Mg+p proton transfer and direct capture measurements
yield consistent results, while for22Ne+p the direct capture
spectroscopic factors seem to be far too large. Surprisingly, a
systematic investigation of direct capture spectroscopic fac-
tors is lacking so far.

It is our goal to investigate the reliability of the direct
capture method for determining spectroscopic factors. We
have reanalyzed available literature data from proton strip-
ping reactions and from direct capture studies onsd-shell

target nuclei, and have extracted spectroscopic factors by
using thesame bound state potential parametersin both
cases. The quantitative comparison of spectroscopic factors
derived from direct capture experiments to those from
DWBA studies and to shell model results represents a sensi-
tive test of the direct capture method. We also investigate the
influence of the scattering potential on the value of the de-
rived direct capture spectroscopic factors. It will be shown
that previous direct capture model studies, which have ne-
glected the contribution of the nuclear interior to the transi-
tion probability, frequently overestimate spectroscopic fac-
tors. Our results have implications beyond the field of
nuclear structure since nonresonant and resonant contribu-
tions to thermonuclear reaction rates are directly proportional
to spectroscopic factors[2].

We are considering in the present work spectroscopic fac-
tors rather than asymptotic normalization coefficients
(ANCs). The former quantities are predominantly deter-
mined by the behavior of the radial overlap function inside
the nucleus. The latter quantities are inherently less sensitive
to the parameters used for describing the bound-state poten-
tial (see Ref.[14], and references therein). We adopted the
spectroscopic factor description for ease of comparison with
previous results. We emphasize that spectroscopic factors
and asymptotic normalization coefficients represent only in-
termediate steps in calculating the quantities of interest in
nuclear physics or nuclear astrophysics, such as cross sec-
tions or partial widths. The latter quantities are rather insen-
sitive to the parameters of the bound-state potential and,
therefore, both descriptions(using either spectroscopic fac-
tors or ANCs) should yield similar results. This issue has

TABLE I. Some references to direct proton capture measurements.(Only studies involving target masses
with Aù16 are listed.)

Reaction Bound-state
potentiala

Bound state
potential parametersb

Scattering
potential

Ref.

16Osp,gd17F Square-well r0=1.36 fm Hard-sphere [6]

Optical modele e Optical modele [22]
17Osp,gd18F Square-well r0=1.36 fm Hard-sphere [6]
18Osp,gd19F Woods-Saxonc r0=1.89 fm,a=0.7 fm Hard-sphere [10]
20Nesp,gd21Na Square-well r0=1.36 fm Hard-sphere [9]
22Nesp,gd23Na Woods-Saxon r0=1.63 fm,a=0.7 fm Hard-sphere [11]
24Mgsp,gd25Al Square-well r0=1.36 fm Hard-sphere [8]
27Al sp,gd28Si Woods-Saxon r0=1.25 fm,a=0.65 fm Woods-Saxond [21]
28Sisp,gd29P Woods-Saxon r0=1.25 fm,a=0.65 fm Hard-sphere [12]

Square-well r0=1.35 fm Hard-sphere [16]
32Ssp,gd33Cl Woods-Saxon r0=1.25 fm,a=0.65 fm Hard-sphere [13]
40Casp,gd41Sc Square-well r0=1.35 fm Hard-sphere [17]

aPotential used for the calculation of the bound state wave function.
bParameters of the bound state potential; the relationship of the nuclear radiusR and the radius parameterr0

is given byR=r0sAt
1/3+Ap

1/3d for a square-will potential, and byR=r0At
1/3 for a Woods-Saxon potential;a is

the diffuseness parameter for the Woods-Saxon potential; the potential depth is adjusted to reproduce the
binding energy of the bound state.
cA square-well potential withr0=1.35 fm has also been used in Ref.[10].
dWith a potential depth of 55.14 MeV and parameters ofr0=1.25 fm anda=0.65 fm.
eBound state and scattering state wave functions generated with the same optical model potential.
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been discussed in detail in the14N+p→ 15O study by Ber-
toneet al. [15] who indeed find1 that very similar values(and
uncertainties) for cross sections and partial widths are ob-
tained by using either description.

In Sec. II we present the input data and describe our pro-
cedure in detail. Results are discussed in Sec. III and a sum-
mary is given in Sec. IV. Throughout this work, all quantities
are given in the laboratory system unless mentioned other-
wise.

II. PROCEDURE

A. General considerations

In almost all direct capture studies listed in Table I, the
authors compare their derived spectroscopic factors to those
obtained from previous proton stripping reactions. Typically,
all available transfer results are compiled which usually scat-
ter over a large range of values. As a consequence, in almost
all direct capture studies, the authors note “agreement” with
results from transfer reactions and conclude that the direct
capture method works rather well. It is important for the
reader to realize that this comparison of spectroscopic factors
has serious flaws for several reasons.

First, it can be seen from Table I that some direct capture
studies[6,8,9,16,17] have used a square-well potential for
the calculation of the bound state wave function. However, it
is not appropriate to compare these direct capture spectro-
scopic factors with those from transfer reaction studies which
are usually obtained by using a Woods-Saxon potential for
the calculation of the bound state wave function. Second, it
is also apparent from Table I that some authors[10,11]
adopted very large values for the radius parameter of the
Woods-Saxon bound state potentialsr0=1.57–1.89 fmd. No
justification is provided for choosing such large values.
Clearly, it is not appropriate to compare, for example, a di-
rect capture spectroscopic factor obtained with a Woods-
Saxon bound state potential radius parameter ofr0=1.8 fm
with the corresponding DWBA value obtained with a radius
parameter ofr0=1.25 fm. Third, direct capture spectroscopic
factors should be compared only to more recent transfer re-
sults since those values, as already mentioned in Sec. I, have
been obtained with improved optical model parameters at
higher bombarding energies, where compound-nucleus for-
mation is negligible.

It is clear from the earlier discussion that the values of
spectroscopic factors from direct proton capture studies and
from proton transfer reactions, as reported in the literature,
cannot be compared directly. Rather, the available cross sec-
tion data from both types of experiments have to be reana-
lyzed using thesame potential parametersfor the calculation
of the bound state radial wave function.(See also the discus-
sion in Ref.[14].)

In order to avoid confusion with the astrophysical S fac-
tor, we will discuss and compare in the following the quan-
tity C2S rather than the spectroscopic factor itself. The
square of the isospin Clebsch-Gordan coefficient[1] for di-
rect capture and proton transfer is given by C2=1 for 16O,
24Mg, 28Si, 32S target nuclei, by C2=1/2 for the target
nucleus17O, and by C2=2/3 or 1/3 for the targetnucleus
18O (for T=1/2 or 3/2final states, respectively).

B. Selection of data

Any meaningful comparison of spectroscopic factors
should be based only on published results which are subject
to insignificant systematic errors. Since there is always a
danger of selecting a biased data set(e.g., an incorrectly
measured cross section), we will describe our selection strat-
egy in more detail.

We started by compiling from the literature all nuclear
levels for which spectroscopic factors from direct capture
experiments as well as from proton transfer studies are avail-
able. In a second step, we disregarded those levels for which
less reliable spectroscopic factors have been reported, includ-
ing transitions to unbound states and to unresolved doublets.
Transitions involving orbital angular momentum mixtures
have been excluded as well, since in such cases the extrac-
tion of different orbital angular momentum components from
the measured angular distributions introduces an additional
source of uncertainty. We did not consider further older pro-
ton transfer studies which were performed at bombarding
energies belowEb=15 MeV. Some older studies were
mostly concerned with relative values of spectroscopic fac-
tors and have employed less reliable optical model param-
eters. We removed those cases as well. The resulting trun-
cated data set was thenevaluated as discussed in the
following subsections. In a final step, we compiled from the
literature theoretical spectroscopic factors which were ob-
tained from shell model calculations.

Several more levels have been disregarded in the present
work although they passed the selection criteria mentioned
earlier. These cases are discussed in more detail in the Ap-
pendix.

C. Direct capture

1. Capture reaction measurements

It is important to recall how the results from direct proton
capture studies, listed in Table I, have been analyzed. The
experiments are usually performed by measuring thesp,gd
excitation function over an extended bombarding energy
range, say, betweenEp=1 and 3 MeV. For most radiative
capture reactions, the measured excitation function(i.e., the
yield versus bombarding energy) consists of several more or
less pronounced resonances which are superimposed on a
slowly varying “nonresonant background” contribution and
the problem arises of how to interpret the data. Most authors,
following the procedure suggested by Rolfs and Azuma[7],
analyze the excitation function for a specificg-ray transition
in terms of a coherent sum of contributions from resonances
and the direct capture process. At this point, it is sufficient to

1From Fig. 5 in Ref.[15] it can be seen that the average standard
deviation for the ground state S-factor amounts to 12% if ANCs are
used in the data analysis. The corresponding number obtained by
using spectroscopic factors is 20%. The ground state transition rep-
resents a worst-case scenario since these differences diminish
quickly with decreasing binding energy.
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note that in these studies the resonances are described by
Breit-Wigner expressions[18] with energy-dependent partial
widths, while the direct capture contribution is calculated by
assuming that the nuclear interior does not contribute to the
transition amplitude, i.e., the capture is strictly treated as an
“extranuclear” process. We will come back to the latter issue
in Sec. II C 4.

In Table II we list in the first four columns the excitation
energy of final bound states, their quantum numbers, the
bombarding energy at which the direct capture cross section
has been measured, and the value of the extracted experi-

mental direct capture cross section as reported in the litera-
ture.

2. Direct capture model

After extraction of the direct capture cross section from
the measured excitation function, the spectroscopic factor
can in principle be obtained. If the direct capture process
proceeds to only one single-particle orbit of principle quan-
tum numbern and orbital angular momentum, f, then the
spectroscopic factor is given by the expression

TABLE II. Information from direct capture studies.

Ex
a

(keV)
Jp ;Ta Ep

labb

(keV)
sDC,exp

lit c

smbd
n, f

d C2SDC

previouse

16Osp,gd17F sQ=600 keVd

0 5/2+ 1369 0.69±0.08f 1d

495 1/2+ 1369 2.83±0.08f 2s

17Osp,gd18Fg sQ=5607 keVd

0 1+ 1625 0.37±0.08h 1d 0.50h

1042 0+;1 1625 0.16±0.04h 1d 0.78h

1121 5+ 1625 1.74±0.34h 1d 0.78h

3358 3+ 1625 0.21±0.06h 2s 0.04h

4360 1+ 1625 0.02±0.01h 1d 0.11h

4652 4+;1 1625 0.39±0.09h 1d 0.77h

18Osp,gd19F sQ=7994 keVd

0 1/2+ 1850 8.4±1.1i 2s 0.52±0.07i

197 5/2+ 1850 6.2±1.3i 1d 0.70±0.14i

1554 3/2+ 1850 2.3±0.5i 1d 0.45±0.11i

24Mgsp,gd25Al sQ=2271 keVd

0 5/2+ 823 0.008±0.002j 1d 0.10±0.03j

452 1/2+ 823 0.052±0.011j 2s 0.43±0.09j

945 3/2+ 823 0.004±0.001j 1d 0.11±0.03j

32Ssp,gd33Cl sQ=2277 keVd

0 3/2+ 1378 0.033±0.008k 1d 0.84±0.21k

811 1/2+ 1378 0.048±0.009k 2s 0.28±0.05k

aExcitation energies and quantum numbers adopted from Refs.[40–42].
bBombarding energy at which cross section for direct capture(column 4) is determined.
cPreviously measured direct capture cross sections.
dAssumedn, f transfer.
ePreviously reported C2SDC values; the quoted uncertainties represent errors in absolute experimental cross
sections only.
fFrom Table IV of Ref.[22].
gOnly pure transitions(i.e., those with a single value of, f) considered.
hFrom Tables II and III of Ref.[6].
iFrom Table 7 of Ref.[10].
jFrom Table I of Ref.[8].
kFrom Ref.[43] and Table III of Ref.[13].
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sDC,exp= C2Ssn,, fdo
,i

sDC,calcsn,,i,, fd, s1d

wheresDC,exp andsDC,calc denote the measured and the cal-
culated direct capture cross section, respectively. The sum in
Eq. (1) is over all values of orbital angular momenta,i of the
(initial) scattering wave function.

The quantity sDC,calc is calculated by using a single-
particle potential model(for an interesting discussion, see
Refs. [19,20]). The dominant E1 contribution to thesp,gd
cross section(in mb) for capture from an initial scattering
state to a final bound state with orbital angular momenta of,i
and, f, respectively, is given by[6]

sDC,calcsE1d = 0.0716m
3
2SZp

Ap
−

Zt

At
D2

3
Eg

3

E
3
2

s2Jf + 1ds2,i + 1d
s2j p + 1ds2j t + 1ds2, f + 1d

3s,i010u, f0d2Rn,i1,f

2 , s2d

Rn,i1,f
=E

0

`

ucsrdOE1srdubsrdr2dr, s3d

with Zi andAi as the charges and masses(in amu) of projec-
tile and target;j p, j t, Jf as the spins of projectile, target, and
final state, respectively;E andEg as the bombarding proton
energy and the energy of theg-ray transition, respectively;
OE1 as the radial part of theE1 multipole operator;uc andub
as the radial wave functions of the initial scattering state and
final bound state, respectively.

3. Bound state potential

In the present work, the bound-state wave function,ub, is
generated by using a potential consisting of a Woods-Saxon
term and a Coulomb term

Vsrd = VWSsrd + VCsrd =
− V0

1 + e
r−R
a

+ VCsrd, s4d

with R=r0At
1/3, r0=1.25 fm, anda=0.65 fm;VC corresponds

to a uniformly charged sphere of radiusRC=rCAt
1/3 with rC

=1.25 fm. The well depthsV0 were chosen to reproduce the
binding energies of the final states so that the wave function
has the correct asymptotic behavior.

As already mentioned in Sec. II A, for a number of cap-
ture reactions(see Table I) square-well potentials have been
used previously in the calculation of bound state wave func-
tions. For example, in the analysis of16O+p and 17O+p
capture data Rolfs[6] used a value ofR=1.36sAt

1/3

+Ap
1/3d fm for the radius of the square-well potential. The

same radius parameter ofr0=1.36 fm was adopted in subse-
quent capture studies on20Ne, 24Mg, 28Si, and 40Ca target
nuclei[8,9,16,17], although no justification for this particular
choice was provided by these authors. In order to investigate
this issue further we display in Fig. 1 radial bound state wave
functions for the levels atEx=3358 and 4652 keV in18F.
The solid and dashed lines correspond to results obtained by

using a Woods-Saxon potentialsr0=1.25 fm, a=0.65 fmd
and a square-well potentialsr0=1.36 fmd, respectively. In
both cases, the potential depths are adjusted to reproduce the
experimental binding energy.

Figure 1(a) shows the radial bound state wave functions
for the level atEx=3358 keV, representing capture into a 2s
single-particle orbit. It can be seen that the bound state wave
functions differ substantially inside and near the nuclear ra-
dius. However, the tails of the radial bound state wave func-
tions outside the nucleus are in close agreement. Therefore,
the calculated direct capture cross sections and correspond-
ing spectroscopic factors for the17O+p reaction will also be
in agreement if it is assumed that the nuclear interior does
not contribute to the transition amplitude(i.e., if a hard-
sphere potential is used for the calculation of the scattering
wave function; the latter assumption was applied in most
previous studies, see Table I). Similar conclusions hold for
other states considered in the present work which are repre-
sented by 2s single-particle orbits.

FIG. 1. Bound state radial wave functions for the levels at(a)
Ex=3358 keVs2sd and (b) 4652 keVs1dd in 18F. The solid lines
are obtained with a Woods-Saxon potentialsr0=1.25 fm,a
=0.65 fmd while the dashed lines are calculated for a square-well
potential sr0=1.36 fmd. The potential depths areV0=57.2 MeV
(Ex=3358 keV, Woods-Saxon potential), 28.7 MeV (Ex

=3358 keV, square-well potential), 56.0 MeV (Ex=4652 keV,
Woods-Saxon potential) and 23.1 MeV(Ex=4652 keV, square-well
potential). The arrows indicate the radiusR of the Woods-Saxon
potential.
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In Fig. 1(b) we show the radial bound state wave func-
tions for the level atEx=4652 keV, assuming capture into a
1d single-particle orbit. It is evident that the two bound state
radial wave functions differ not only inside the nucleus, but
outside the nuclear radius as well. Even if it is assumed that
the nuclear interior does not contribute to the transition am-
plitude, we expect in this case significant differences in the
calculated cross section as well as for the corresponding
spectroscopic factors. Similar conclusions hold for other lev-
els of interest in the present work which are represented by
1d single-particle orbits.

4. Scattering potential

The scattering wave functionuc, which can be generated
with a suitable scattering potential, is the only remaining
quantity needed for the calculation of the direct capture cross
sectionsDC,calc [see Eqs.(2) and (3)]. We will now discuss
this issue in more detail. Consider a proton approaching a
target nucleus at very low bombarding energy so that the de
Broglie wavelength of the incident particle is large compared
to the nuclear radius. Suppose further that the proton is cap-
tured into a state of low binding energy, implying that the
bound state wave function will extend substantially beyond
the nuclear radius. As one approaches the nuclear surface,
the amplitude of the scattering wave function decreases and
becomes negligible inside the nucleus, while at the same
time the exterior part of the bound state wave function in-
creases. The product of both wave functions[see Eq.(3)]
will then have a maximum outside the nuclear surface. The
calculated cross section is rather insensitive to the details of
the model used for the nuclear interior and, therefore, the
direct capture process is sometimes referred to as extra-
nuclear capture. While we expect this particular property to
hold at low bombarding energiesand for levels of small
binding energy, the contribution of the nuclear interior to the
transition amplitude may not be negligible anymore either at
higher bombarding energies(i.e., where most direct capture
cross sections have been measured; see column 3 in Table II)
or for strongly bound levels. Consequently, the direct capture
cross section could depend sensitively on the nuclear poten-
tial used to generate the scattering wave function.

In the past, different authors have approached this prob-
lem in different ways. As can be seen from Table I, most of
the previous studies have assumed hard-sphere scattering po-
tentials, thereby treating the direct capture process strictly as
extranuclear capture, as pointed out earlier. Some authors
used optical model potentials and adjusted the potential pa-
rameters to reproduce elastic scattering observables. How-
ever, for the target mass range of interest in the present work,
this approach is only possible in exceptional cases(for ex-
ample,16O+p). In fact, for most target nuclei listed in Table
I, the nuclear scattering phase shifts have not been measured
below Ep=2 MeV since the elastic scattering process at
those energies is entirely dominated by Coulomb scattering.
Other authors[21] prefered to use global optical model po-
tentials. Finally, in some studies(see Ref.[22–25]) the scat-
tering state wave function was generated with the same po-
tential that was used to calculate the bound state wave
function.

In Fig. 2 we display the S factor, calculated according to
Eqs. (2) and (3), for the 22Ne+p reaction(at a bombarding
energy ofEp=1220 keV and for a23Na excitation energy of
Ex=2391 keV) versus the depth of the Woods-Saxon poten-
tial used to generate the scattering wave function. It can be
seen that the S factor varies by several orders of magnitude
and exhibits three resonances, corresponding to no node, one
node and two nodes, respectively, of the scattering wave
function in the region of the nucleus. If, for some reason, the
scattering potential depth chosen gives rise to a resonance,
then the values for both the calculated “direct capture” cross
section and the deduced spectroscopic factor[Eq. (1)] will be
erroneous. The obvious conclusion one can draw from Fig. 2
is that the scattering potential has to be chosen carefully in
order to calculate the non-resonant capture cross section.

In the present work we adopt four different sets of nuclear
potentials to calculate the scattering wave functionuc: (i) a
hard-sphere potential of radiusR=1.25At

1/3 fm; (ii ) a global
optical model potential from Perey[26]; (iii ) a bound state
(Woods-Saxon) potential with a depth adjusted to reproduce
the binding energy of the final state(Sec. II C 3); (iv) a po-
tential of zero depth inside the radius ofR=1.25At

1/3 fm.
These choices are labeled by “H,” “G,” “S,” and “Z,” respec-
tively, in Figs. 2–6 that are discussed in the following.

In the following we explore the22Ne+p reaction in more
detail in order to better understand the dependence of the
calculated S factor on the scattering potential. The results of
calculations for two23Na levels, a weakly bound state at
Ex=8664 keV and a strongly bound state atEx=2391 keV,
are shown in Figs. 3–5. The corresponding S factors versus
bombarding energy are shown in Fig. 3. The curves obtained
for the different scattering potentials described earlier pro-
vide consistent results for the weakly boundEx=8664 keV
state over the energy range of interest(e.g., at energies of

FIG. 2. Calculated S factor for the22Nesp,gd23Na reaction
populating theEx=2391 keV state versus scattering potential depth.
The bombarding energy is held constant atEp=1220 keV. The S
factor varies by several orders of magnitude and exhibits three reso-
nances. The full circles labeled “S,” “G,” and “Z” correspond to
different choices of potential depths. Note, that the dashed line,
corresponding to the S factor obtained with a nuclear scattering
potential of zero, intersects the solid curve at the inflection points
between the resonances.
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Ep=1–2 MeV atwhich the direct capture on22Ne has been
measured[11], and at low energiesEpø200 keV of astro-
physical importance). However, for the strongly boundEx
=2391 keV state certain scattering potentials give rise to
resonances and the calculated S factor varies for different
choices ofV0 (by a factor of 4 and 2 at energies ofEp

lab

=1220 keV and 0, respectively). The reason for the different
S-factor dependence is shown in Figs. 4 and 5. The figures
display the bound state radial wave functions, the scattering
state radial wave functions, and the real part of the product
ucsrdOE1srdubsrdr2 [i.e., the integrand in Eq.(3)], calculated
at Ep=1220 keV. For both23Na states the scattering wave
functions shown in Figs. 4(a) and 5(a) are the same[except
for choice(iv); see earlier]. However, the bound state wave
functions reveal a crucial difference. For the weakly bound
level atEx=8664 keV the bound state wave function extends
far beyond the nuclear radius and the maximum of the inte-
grand occurs at 15 fm[Fig. 4(b)]. Consequently, the contri-
bution of the nuclear interior to the capture reaction is small
and the S factor is relatively insensitive to the particular
choice of the scattering potential. On the other hand, for the
strongly bound level atEx=2391 keV the bound state wave
function is more confined to the nuclear region[Fig. 5(a)]

and the maximum of the integrand occurs at 5 fm[Fig. 5(b)].
In this case, the small differences in scattering wave func-
tions close to the nuclear radius become much more impor-
tant. Although the nuclear interior provides still only a small
contribution to the capture reaction, it is obvious that the
integrand, and hence the S factor, is much more sensitive to
the choice of the scattering potential[Fig. 5(b)].

Direct capture spectroscopic factors, calculated according
to Eqs.(1)–(3) by summing over contributions from different
,i values, are listed in columns 3–6 of Table IV for the four
different sets of scattering potentials. Previously reported di-
rect capture spectroscopic factors are given in column 6 of
Table II. The quoted errors include only the random uncer-
tainties of the previously reported experimental cross sec-
tions (column 4 of Table II). They do not include systematic
uncertainties introduced, for example, by our particular
choice of bound or scattering state potential parameters. It is
apparent from Tables II and IV that for many levels our
C2SDC values differ significantly from those quoted in the
original direct capture studies.

D. Transfer reactions

Transfer reactions are usually performed at a constant
bombarding energy by measuring the angular distribution of

FIG. 3. Calculated S factor vs center-of-mass bombarding en-
ergy for the 22Nesp,gd23Na reaction populating the(a) Ex

=8664 keV state and the(b) Ex=2391 keV state. The labels “H,”
“S,” “G,” and “Z” correspond to different choices of nuclear scat-
tering potentials. The arrows indicate the energy at which the direct
capture cross section has been measured[11].

FIG. 4. (a) Radial wave functions and(b) the product
ucsrdOE1srdubsrdr2 [i.e., the integrand in Eq.(3)], calculated at
Ep

cm=1167 keV for the22Nesp,gd23Na reaction populating theEx

=8664 keV state. In part(a), the dotted line labeled “B” shows the
bound state radial wave function. The solid and dashed lines are
obtained for different choices of the scattering potential(see text).
The arrows indicate the nuclear radiusR=1.25At

1/3 fm.
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the outgoing reaction products. For a transition which pro-
ceeds to only one single-particle orbit of principle quantum
numbern, orbital angular momentum, f, and total angular
momentumj , the spectroscopic factor is given by the expres-
sion

S ds

dV
D

exp
= N

2Jf + 1

2j t + 1

1

2j + 1
C2Ssn,, f, jdSdsn,f j

dV
D

DWBA
.

s5d

The normalization factor for proton stripping reactions is
proportional to the square overlap integral between the wave
functions of the ejectile coupled to the transferred proton and
the projectile. The numerical value is given byN=4.43 for
the s3He,dd reaction [27]. Most DWBA differential cross
sections have been calculated in the past by using the code
DWUCK4 [28]. In Table III we list in the first three columns
the excitation energy of the final bound state, their quantum
numbers, and the bombarding energy at which the differen-
tial transfer cross section has been measured. Literature val-
ues of measured spectroscopic factors are given in columns 4
and 5. More than half of those values are adopted from Ref.
[4] which represents the most comprehensives3He,dd trans-
fer study available in the literature. We added to this data set
thes3He,dd results of Refs.[29,30] for 18F bound states. The
errors listed in columns 4 and 5 of Table III include only the
random uncertainties of the experimental cross sections as

reported in the original literature. They do not include sys-
tematic uncertainties introduced by various assumptions of
the DWBA model.

As pointed out in the introduction, a comparison of spec-
troscopic factors from direct capture and proton transfer is
only meaningful if the same set of potential parameters is
employed for the calculation of the bound state wave func-
tions. Most transfer results listed in Table III have been ob-
tained by using a bound state potential of Woods-Saxon
shape, with the conventional parameters ofr0=1.25 fm and
a=0.65 fm. It should also be noted that most of those studies
used a spin-orbit term for the bound state potential(with a
spin-orbit coupling ofl=25 times the Thomas term; see
Table III). An extensive discussion of the influence of such a
term on the numerical values of the extracted spectroscopic
factors can be found in Ref.[4]. In the present work, we have
reanalyzed for all levels listed in Table III the original trans-
fer reaction data by using the bound state potential param-
eters of r0=1.25 fm, a=0.65 fm, andl=0, i.e., the same
parameters as used for the calculations of the direct capture
cross sections(Sec. II C 3). We performed these computa-
tions with the codeDWUCK4. As usual, the depth of the
bound state potential is chosen to reproduce the experimental
binding energy. The distorted waves in the entrance and exit
channels are generated with the same numerical values of the
optical model potential parameters as used in the original
papers. Our derived spectroscopic factors are listed in col-
umn 7 of Table IV. The present C2SDWBA values deviate
from the original literature values(columns 4 and 5 of Table
III ) by 5%–33%.

E. Shell model

In column 8 of Table IV we list theoretical spectroscopic
factors which were obtained from shell model calculations
[4,31] in the completes1d5/22s1/21d3/2d model space. The

FIG. 6. Ratio of spectroscopic factors from shell model calcu-
lations (column 8 in Table IV(and from proton transfer studies
(column 7 of Table IV). The displayed error bars include the uncer-
tainties in the experimental proton transfer cross section only.

FIG. 5. Same as Fig. 4, but for theEx=2391 keV state.
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shell model spectroscopic factors adopted from Ref.[4] were
calculated by using the USD interaction[32], while those
taken from Ref.[31] were computed with theK+ 17O inter-
action [33]. Both of these effective Hamiltonians conserve
isospin. For the19F states listed in Table IV, spectroscopic
factors calculated for both interactions are available from the
literature and their values are in close agreement.

III. DISCUSSION OF RESULTS

A. Comparison of C2SSM with C 2SDWBA

We start our discussion by comparing first spectroscopic
factors measured in proton transfer reactions, C2SDWBA, with
those calculated with the shell model, C2SSM (columns 7 and
8 in Table IV). In Fig. 6 we show the ratios C2SSM/C2SDWBA
versus the value of C2SDWBA. Note, that the displayed error
bars include the uncertainties in the experimental proton
transfer cross sections only and that systematic uncertainties
introduced by the DWBA reaction model have not been ac-
counted for. It can be seen that the experimental C2SDWBA
values are systematically larger compared to shell model re-
sults, although the deviation is small. In fact, the
logarithmic2 mean of the C2S ratios amounts toMr

10=0.88.
The level of agreement is satisfactory considering that the
two sets of C2S values are obtained by entirely independent
methods. It also follows that our choice of Woods-Saxon
bound state potential parameters(r0=1.25 fm and a
=0.65 fm; Sec. II D) provides consistent C2SDWBA values.
The logarithmic standard deviation of the ratio
C2SSM/C2SDWBA amounts tosr

10=1.19. This result is in
agreement with the 25% error(Sec. I) assigned to experi-
mental C2SDWBA values by Endt’s comprehensive evaluation
[5]. We conclude from Fig. 6 that, for the levels under con-
sideration here, the calculated shell model and measured pro-
ton transfer spectroscopic factors provide a consistent data
set which is appropriate for testing the reliability of C2S
values obtained from direct capture studies.

B. Comparison of C2SDC with C 2SDWBA

Ratios of spectroscopic factors obtained from direct cap-
ture and proton transfer measurements are shown in Figs.
7–10. The displayed error bars include only the random un-
certainties of the two experimental cross sections(column 4
of Table II, and columns 4 and 5 of Table III).

In Fig. 7, the C2SDC values have been obtained from the
measured direct capture cross sections[Eqs.(1)–(3)] by us-
ing hard-sphere scattering potentials(column 3 of Table IV).
Recall, that this is the scattering potential of choice in the
majority of direct capture studies(Table I). The logarithmic
mean of the C2S ratios amounts toMr

10=1.46, indicating that
the the C2SDC values are systematically larger than the values
of C2SDWBA. According to Eq.(1), this deviation may be
explained either by an overestimated experimental direct
capture cross section(perhaps because of remaining resonant
capture contributions that have not been subtracted from the
total cross section) or by an underestimated calculated direct
capture cross section(perhaps because the use of a hard-
sphere potential disregards capture contributions from the
region inside, and close to, the nuclear radius). The logarith-
mic standard deviation of the ratio C2SDC/C2SDWBA amounts
to sr

10=1.48, a value that is close to the average error of the

2The logarithmic mean measures systematic trends, while the
logarithmic standard deviation measures the scatter of the ratios
around the logarithmic mean value; for a definition and explanation
of these quantities, see Refs.[34,35].

TABLE III. Information from transfer reaction studies.

Ex
a Jp ;Ta Eb

labb C2SDWBA
c

(keV) (MeV) previous

16Os3He,dd17F sQ=−4893 keVd

0 5/2+ 25.0 1.00±0.09d

495 1/2+ 25.0 0.82±0.07d

17Os3He,dd18F sQ=113 keVd

0 1+ 15.0 0.62±0.16f

1042 0+;1 15.0 0.96±0.14e 0.96±0.24f

1121 5+ 15.0 0.89±0.13e 0.83±0.21f

3358 3+ 15.0 0.014±0.002e

4360 1+ 15.0 0.074±0.011e

4652 4+;1 15.0 1.04±0.16e 0.81±0.20f

18Os3He,dd19F sQ=2501 keVd

0 1/2+ 25.0 0.41±0.04d

197 5/2+ 25.0 0.50±0.05d

1554 3/2+ 25.0 0.37±0.03d

24Mgs3He,dd25Al sQ=−3222 keVd

0 5/2+ 25.0 0.33±0.03d

452 1/2+ 25.0 0.69±0.06d

945 3/2+ 25.0 0.32±0.03d

32Ss3He,dd33Cl sQ=−3217 keVd

0 3/2+ 25.0 0.86±0.08d

811 1/2+ 25.0 0.37±0.03d

aExcitation energies and quantum numbers adopted from Refs.
[40–42].
bBombarding energy at which transfer reaction has been studied.
cPreviously reported C2SDWBA values; the quoted uncertainties rep-
resent errors in absolute experimental cross sections only.
dFrom Ref.[4] with an error of 6%–9% in the experimental abso-
lute cross section; the bound state potential parameters used were
r0=1.25 fm,a=0.65 fm, andl=25.
eFrom Ref.[29] with an error of 15% in the experimental absolute
cross section; the bound state potential parameters used werer0

=1.25 fm,a=0.65 fm, andl=25; a 1d5/2 transfer was assumed for
all , f =2 transitions.
fFrom Ref.[30] with an error of 25% in the experimental absolute
cross section; the bound state potential parameters used werer0

=1.25 fm,a=0.65 fm, andl=0.

SPECTROSCOPIC FACTORS FROM DIRECT PROTON CAPTURE PHYSICAL REVIEW C69, 064305(2004)

064305-9



displayed ratios. Hence, the scatter of the ratios
C2SDC/C2SDWBA around the logarithmic mean value is con-
sistent with the combined random errors of the experimental
direct capture and proton transfer cross sections.

Results obtained with the global optical model scattering
potential of Ref.[26] (column 4 of Table IV) instead of a
hard-sphere potential for generating the(direct capture) scat-
tering radial wave function are displayed in Fig. 8. The loga-
rithmic mean of the C2S ratios now amounts toMr

10=1.21,
representing a significant improvement compared to Fig. 7.

These results support the conclusion that more reliable spec-
troscopic factors are obtained from measured direct capture
cross sections if capture contributions inside, and close to,
the nuclear radius are taken into account. The logarithmic
standard deviation amounts tosr

10=1.50 and is similar to the
value derived from Fig. 7.

Corresponding results obtained for a(direct capture) scat-
tering potential that is identical to the one employed for the
computation of the corresponding bound state radial wave
function (column 5 of Table IV) are shown in Fig. 9. The

TABLE IV. Comparison of spectroscopic factors.

Ex
a

(keV)
Jp ;Ta C2S

DCb DCc DCd DCe DWBAf SMg

16O+p→ 17F

0 5/2+ 1.2±0.1 1.2±0.1 1.1±0.1 1.1±0.1 1.07±0.10 1.0h

495 1/2+ 1.00±0.03 0.95±0.03 0.96±0.03 0.98±0.03 0.82±0.07 1.0h

17O+p→ 18F

0 1+ 1.3±0.3 1.2±0.3 0.41±0.09 0.89±0.19 0.62±0.16 0.58i

1042 0+;1 2.0±0.5 1.6±0.4 0.79±0.20 1.3±0.3 1.04±0.13 0.84i

1121 5+ 2.0±0.4 1.7±0.3 0.82±0.16 1.3±0.3 0.94±0.12 1.0i

3358 3+ 0.045±0.013 0.043±0.012 0.038±0.011 0.047±0.013 0.014±0.002

4360 1+ 0.17±0.09 0.15±0.08 0.14±0.07 0.15±0.08 0.081±0.012

4652 4+;1 1.3±0.3 1.1±0.3 1.1±0.2 1.1±0.3 1.00±0.13 0.95i

18O+p→ 19F

0 1/2+ 0.55±0.07 0.30±0.04 0.027±0.004 0.38±0.05 0.41±0.04 0.39h

197 5/2+ 0.98±0.21 0.64±0.13 0.075±0.016 0.53±0.11 0.55±0.05 0.49h

1554 3/2+ 0.62±0.13 0.40±0.09 0.11±0.02 0.35±0.08 0.30±0.03 0.20h

24Mg+p→ 25Al

0 5/2+ 0.35±0.09 0.29±0.07 0.29±0.07 0.29±0.07 0.36±0.03 0.34h

452 1/2+ 0.58±0.12 0.52±0.11 0.51±0.11 0.56±0.12 0.69±0.06 0.49h

945 3/2+ 0.34±0.09 0.30±0.08 0.31±0.08 0.31±0.08 0.27±0.02 0.24h

32S+p→ 33Cl

0 3/2+ 0.84±0.21 0.69±0.17 0.66±0.16 0.67±0.16 0.72±0.06 0.61h

811 1/2+ 0.26±0.05 0.24±0.05 0.22±0.04 0.25±0.05 0.37±0.03 0.23h

aExcitation energies and quantum numbers adopted from Refs.[40–42].
bFrom present work; obtained from column 4 of Table II by using a hard sphere scattering potential of radius
R=1.25At

1/3 fm.
cFrom present work; obtained from column 4 of Table II by using a global optical model scattering potential
from Ref. [26].
dFrom present work; obtained from column 4 of Table II by using for the scattering potential the same
Woods-Saxon potential that is employed for calculating the bound state radial wave function.
eFrom present work; obtained from column 4 of Table II by using a nuclear scattering potential of zero depth
inside the radiusR=1.25At

1/3 fm.
fFrom present work; obtained from a reanalysis of literature data(listed in columns 4 and 5 of Table III) by
using bound state potential parameters ofr0=1.25 fm,a=0.65 fm, andl=0.
gFrom shell model calculations.
hFrom Table IV of Ref.[4].
iFrom Ref.[31].
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logarithmic mean and standard deviation amount toMr
10

=0.70 andsr
10=2.41, respectively. It is evident that this

choice of scattering potential yields far less reliable direct
capture spectroscopic factors.(Note, that the data point for
the ground state of19F is off scale.) The poor agreement
reflects the sensitivity of the calculated direct capture cross
section to the potential depth, an issue we already discussed
in Sec. II C 4 in connection with Fig. 2. If the same potential
is used for the calculation of bound state and scattering state
radial wave functions, then the calculated cross section may
in certain cases exhibit a resonant behavior. Since all reso-
nant contributions have been supposedly subtracted from the
measured total capture cross section, the direct capture spec-
troscopic factor obtained from Eq.(1) will be erroneous.

Finally, we compare in Fig. 10 values of C2SDC and
C2SDWBA, where the former are obtained by using a(direct
capture) scattering potential depth of zero(column 6 of Table
IV ). The logarithmic mean and standard deviation of the ra-
tio C2SDC/C2SDWBA amount toMr

10=1.15 andsr
10=1.44, re-

spectively. An inspection of Figs. 7–10 reveals that this
choice of scattering potential provides the best overall agree-
ment between spectroscopic factors from direct capture and
proton transfer studies. This result can be understood by con-
sidering again, as an example, the S factor for the
22Nespgd23Na reaction that is shown in Fig. 2. The dashed
line, corresponding to the S factor obtained with a zero po-

FIG. 7. Ratio of spectroscopic factors from direct capture(col-
umn 3 in Table IV) and from proton transfer studies(column 7 of
Table IV). The direct capture data are obtained by using a hard-
sphere scattering potential. The displayed error bars include the
uncertainties in the experimental direct capture and proton transfer
cross sections only.

FIG. 8. Ratio of spectroscopic factors from direct capture(col-
umn 4 in Table IV) and from proton transfer studies(column 7 of
Table IV). The direct capture data are obtained by using a global
optical model scattering potential. The displayed error bars include
the uncertainties in the experimental direct capture and proton
transfer cross sections only.

FIG. 9. Ratio of spectroscopic factors from direct capture(col-
umn 5 in Table IV) and from proton transfer studies(column 7 of
Table IV). The direct capture data are obtained by using a scattering
potential that is identical to the one employed for the computation
of the corresponding bound state radial wave function. The dis-
played error bars include the uncertainties in the experimental direct
capture and proton transfer cross sections only. Note, that the data
point for the ground state of19F (see Table IV) is off scale.

FIG. 10. Ratio of spectroscopic factors from direct capture(col-
umn 6 in Table IV) and from proton transfer studies(column 7 of
Table IV). The direct capture data are obtained by using a nuclear
scattering potential of zero depth. The displayed error bars include
the uncertainties in the experimental direct capture and proton
transfer cross sections only.
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tential depth, intersects the solid line at the inflection points
of the S-factor curve between the resonances, i.e., all the
potential depths corresponding to these inflection points
yield the same value for the S factor. It seems reasonable to
chose the scattering potential depth so that the calculated
direct capture cross section is obtained in the nonresonant
regions as far away from the resonances as possible.

IV. CONCLUSIONS AND SUMMARY

The goal of the present work is an investigation of the
direct capture method for determining accurate spectroscopic
factors. To this end, we have selected reliable cross section
data measured in direct proton capture studies and in proton
transfer reaction experiments involving A=16–32 target nu-
clei. Spectroscopic factors are reanalyzed and are extracted
from the existing data for both types of reactions by using
thesame bound state potential parameters. We also consider
the influence of the(direct capture) scattering potential on
the value of the derived direct capture spectroscopic factors.
The quantitative comparison of C2S values derived from di-
rect capture experiments to those from DWBA studies and to
shell model results represents a sensitive test of the direct
capture method.

About half of all previous direct capture studies employed
a square-well bound state potential(Table I). In such cases,
the published C2SDC values(column 6 of Table II) for certain
levels differ by factors of up to 3 from the present values that
are obtained by using a more realistic Woods-Saxon potential
(for the same scattering potential; see column 3 of IV). This
disagreement has already been pointed out by Powellet al.
[36] in connection with the24Mgsp,gd25Al reaction. We find
deviations of similar magnitude for other reactions as well.

The majority of previous direct capture studies employed
hard-sphere scattering potentials(Table I) and thus have
treated direct capture strictly as an extranuclear process. We
extract C2SDC values for four different choices of scattering
potentials(columns 3–6 of Table IV). The poorest agreement
between direct capture and proton transfer spectroscopic fac-
tors is found if the same potential is used for calculating the
bound state and scattering state radial wave functions. The
disagreement reflects the fact that for this particular choice of
scattering potential the calculated capture cross section may
exhibit in some cases a resonant behavior. The best agree-
ment between C2SDC and C2SDWBA values (within about
15% on average) is found for scattering potentials that cor-
respond to the inflection points between resonances of the S
factor versus potential depth curve(for example, see Fig. 2).
The S factor at these points is equal to the one obtained with
a zero scattering potential. We conclude that the direct cap-
ture method provides spectroscopic factors of similar accu-
racy as the transfer reaction method(say, with an error of
about 25%; see Sec. I) if the calculated direct capture cross
section is obtained using a zero scattering potential(i.e., by
taking some capture contributions from inside, and close to,
the nuclear radius into account) instead of the common
choice of a hard-sphere scattering potential.
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APPENDIX

In the following, we explain in more detail why certain
levels have been disregarded in the present analysis.

A. 20Ne+p and 22Ne+p

Reliable proton stripping cross sections have been mea-
sured in studies of the20Nesd,nd21Na and22Nes3He,dd23Na
reactions[37,38]. Experimental direct capture cross sections
have been reported by Rolfset al. [9] and Görreset al. [11].
All cross sections for the20Nesp,gd21Na and22Nesp,gd23Na
reactions reported by Refs.[9,11] are normalized relative to
the direct capture cross section of the DC→2425 keV tran-
sition in 20Nesp,gd21Na [9]. There is recent evidence that the
measured absolute cross section for this transition has been
overestimated by a factor of 1.5 or more[39]. Since the issue
is currently not resolved yet, we have excluded21Na and
23Na levels from the present analysis.

B. 28Si+p

Direct capture transitions to the ground state and to the
first excited statesEx=1384 keVd in 29P have been reported
by Refs.[12,16].

For the direct capture transition to the first excited state,
the g-ray angular distribution is isotropic(see Fig. 4 of Ref.
[12]). From the differential direct capture cross section
shown in Fig. 4 of Ref.[16], we obtain atEp=1.5 MeV a
total cross section ofsDC,exp=0.11mb s±15%d. This value
disagrees with the valuesDC,exp=0.042mb s±15%d, re-
ported in Fig. 3 of Ref.[12].

For the direct capture transition to the ground state, we
obtain from the differential cross section atu=90°, shown in
Fig. 3 of Ref. [16], a total direct capture cross section of
sDC,exp=0.23mb s±25%d fWs90°d=1.5g at Ep=1.5 MeV.
This result agrees with the valuesDC,exp=0.22mb s±14%d
obtained from Fig. 2 of Ref.[12].

The excitation functions published in Terrasiet al. [16]
and Graffet al. [12], for both the transitions to the ground
and first excited state, are dominated by three broad reso-
nances over the entire bombarding energy range. In fact, of
all the reactions listed in Table I the relative contribution of
the direct capture process is by far the smallest for the28Si
+p reaction. As a result, we expect that the extraction of
spectroscopic factors from the data is less reliable for this
reaction. Consequently, we have disregarded both transitions
in the present analysis.

C. 40Ca+p

Direct capture transitions to the ground state and to the
first excited statesEx=1716 keVd in 41Sc have been reported
by Ref. [17]. Of those two levels, only the ground state is
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bound sQpg=1085 keVd. The count rate in the bombarding
energy rangeEp=2.1–3.1 MeV was rather small and, there-
fore, the measured excitation function is not sufficiently re-
liable to extract a spectroscopic factor. The cross section for

direct capture to the ground state, displayed in Fig. 2 of Ref.
[17], was obtained byassuminga value of C2S=1. We have
disregarded this transition in the present analysis since the
statistics of the published cross section is poor.
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