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Dependence of direct neutron capture on nuclear-structure models
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The prediction of cross sections for nuclei far off stability is crucial in the field of nuclear astrophysics. We
calculate direct neutron capture on the even-even isotopes1242145Sn and2082238Pb with energy levels, masses,
and nuclear density distributions taken from different nuclear-structure models. The utilized structure models
are a Hartree-Fock-Bogoliubov model, a relativistic mean field theory, and a macroscopic-microscopic model
based on the finite-range droplet model and a folded-Yukawa single-particle potential. Due to the differences
in the resulting neutron separation and level energies, the investigated models yield capture cross sections
sometimes differing by orders of magnitude. This may also lead to differences in the predicted astrophysical
r -process paths.@S0556-2813~98!01504-0#

PACS number~s!: 26.30.1k, 25.40.Lw, 24.50.1g, 21.60.2n
nt
su
le
ts

re

n
ty
r
ti
u

ife
h
to
at
,

ion

-
has

ion
rion
l

wn
that
c-

that
ism
ron-
the
ron
s de-
ant
the

sti-
ac-

ady
iate
of
cus-
en

p

I. INTRODUCTION

Explosive nuclear burning in astrophysical environme
produces unstable nuclei which again can be targets for
sequent reactions. Most of these nuclei are not accessib
terrestrial laboratories or not fully explored by experimen
yet.

Approximately half of all stable nuclei observed in natu
in the heavy element regionA.60 were produced in the
so-called r -process ~i.e., rapid neutron capture process!,
which is believed to occur in type-II supernova explosio
~see, e.g.,@1,2#!. An environment with a high neutron densi
is the prerequisite for such anr -process, in which heavie
elements are built up from seed elements by consecu
neutron captures andb decays. Because of the abundant ne
trons, a multitude of neutron captures~.15–35! may occur
until the b-decay half-life becomes shorter than the half-l
against neutron capture. Thus ther -process path along whic
reactions take place is pushed off the region of stability
wards neutron-rich unstable nuclei. The location of the p
has consequences for the resulting nuclear abundances
culated in astrophysical models@3,4#.

For most of the required neutron capture cross sect
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the statistical model@compound nucleus~CN! mechanism,
Hauser-Feshbach approach# can be applied. This model em
ploys a statistical average over resonances, for which one
to know level densities but not necessarily exact excitat
energies and level spin assignments. However, the crite
for the applicability of that model is a sufficiently high leve
density. Especially for some light nuclei it has been kno
for years that the statistical model cannot be applied and
the direct capture~DC! mechanism dominates the cross se
tions. Nevertheless, it has only been realized recently
also for intermediate and heavy nuclei the direct mechan
can become important near shell closures and for neut
rich isotopes when the level density becomes too low for
CN mechanism. When approaching the drip-line, neut
separation energies decrease and the nuclei become les
formed, both leading to a smaller level density at the relev
projectile energy. This relevant energy is determined by
peakE5kT of the Maxwell-Boltzmann velocity distribution
of the neutron gas. If a segment of ther -process path at a
given element lies close enough to the drip-line, the stati
cal model will not be applicable anymore and the DC re
tions will dominate@5,6#.

The relation between DC and CN mechanisms has alre
been studied for neutron capture by light and intermed
target nuclei@2,7–12#. Investigations of the dependence
the level density on charge and mass number and a dis
sion of the applicability of the statistical model have be

h-
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2032 57T. RAUSCHERet al.
given elsewhere@13#. In this paper we want to investigat
direct neutron capture on neutron-rich Sn and Pb isoto
with the emphasis on discussing the difficulties, the leve
reliability as well as the predictive power of theoretical c
culations.

The main problem for the DC predictions is that neutr
separation energies and level properties~excitation energies
spins, parities! have to be known accurately, contrary to
statistical calculation in which it is sufficient to know th
level density. As in the foreseeable future one cannot exp
any experimental information for the majority of nuclei clo
to the drip-line, one has to turn to theory for providing t
input for the DC calculations. At the moment, there are s
eral microscopic and macroscopic-microscopic descripti
competing in the quest for predicting nuclear properties
off stability. For the first time, in this work we want to in
vestigate the difference in the level structure between sev
models and its impact on predicted neutron capture c
sections. The compared models are a Hartree-Fo
Bogoliubov ~HFB! model with the Skyrme SkP forc
@14,15#, a relativistic mean field theory~RMFT! with the
parameter set NLSH @16,17#, and the macroscopic
microscopic finite-range droplet model FRDM~1992! which
was also used in calculations of nuclear ground-state ma
and deformations@18,19# and in calculations of quantities o
astrophysical interest@20#.

In Sec. II we very briefly introduce the method of the D
calculation and Sec. III gives an overview of the utilize
microscopic models. For208Pb, the DC results can directl
be compared to experimental values. This is described
Sec. IV. In the following Secs. V and VI we present o
results for the heavy Pb and Sn isotopes. Possible astrop
cal signatures and remaining uncertainties are discusse
Sec. VII. The paper is concluded by the summary Sec. V

II. DIRECT CAPTURE AND FOLDING PROCEDURE

The theoretical cross sections th is derived from the DC
cross sectionsDC given by @12,21#

s th5(
i

Ci
2Sis i

DC. ~1!

The sum extends over all possible final states~ground state
and excited states! in the residual nucleus. The isosp
Clebsch-Gordan coefficients and spectroscopic factors
denoted byCi and Si , respectively. The DC cross section
s i

DC are essentially determined by the overlap of the scat
ing wave function in the entrance channel, the bound-s
wave function in the exit channel, and the multipole tran
tion operator. For the computation of the DC cross sect
we used the direct capture code TEDCA@22#, which in-
cludesE1, M1, andE2 transitions.

For determining the nucleon-nucleus potential the fold
procedure was employed, a method already successfully
plied in the description of many systems. In this approach
nuclear target densityrT is folded with an energy and den
sity dependent nucleon-nucleon interactionveff : @23#

V~R!5lVF~R!5lErT~r!veff~E,rT ,uR2ru!dr, ~2!
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with R being the separation of the centers of mass of the
colliding nuclei. The normalization factorl accounts for ef-
fects of antisymmetrization and is close to unity. The nucl
densityrT can be derived from experimental charge dist
butions or from theory. The potential obtained in this w
ensures the correct behavior of the wave functions in
nuclear exterior. At the low energies considered in ast
physical events the imaginary parts of the optical potent
are small.

In connection with the results presented below it is use
to recapitulate the sensitivity of the DC calculations to va
ous elements of the description. In ascending importance
the present context the DC is sensitive to the optical poten
and density distribution, respectively, the reactionQ value,
and the spin and parity of a level.

For the accuracy attempted here, there is almost no
ference in the results obtained by employing the optical
tentials derived from the density distributions of the differe
models while leaving all other properties unchanged.

A stronger dependence is seen when examining chan
in the Q value. An increase in theQ value will give a non-
linear increase in the resulting cross section. As theQ value
is computed as the difference in the binding energies of
get and residual nucleus~i.e., the neutron separation energ!
minus the excitation energy of the level into which the ne
tron is captured

Qi5~BT2BR!2Ei5Sn2Ei , ~3!

the cross section will be sensitive to the masses~separation
energies! derived in the different microscopic models as w
as the level structure~excitation energies! given in these
models.

The by far strongest sensitivity is that to spins and parit
of the involved initial and final states. In order to comp
with the electromagnetic selection rules, a state has to h
the proper parity to contribute to the cross section sign
cantly. The dominant contribution to the DC cross sect
will stem from anE1 transition. In this case, parity has t
change. Consequently, the capture of an incoming neutrop
wave will be important for the Pb isotopes, whereass wave
capture is dominating in the Sn cases. Furthermore, sig
cant contributions only arise from low-spin states like 1
and 3/2 states, whereas the capture to levels with hig
spins is strongly suppressed. In this respect, it will prove
be important that the different microscopic models make d
ferent predictions on which states are neutron bound
which are not, since DC can only populate bound states

III. THE MICROSCOPIC INPUT

The energy levels, masses, and nuclear density distr
tions needed as input for the DC calculation were taken fr
three different approaches. The first one was the RM
which has turned out to be a successful tool for the desc
tion of many nuclear properties@24#. The RMFT describes
the nucleus as a system of Dirac nucleons interacting
various meson fields. There are six parameters which
usually obtained by fits to finite nuclear properties. For o
calculations we have used the parameter set NLSH@16,17#.

The second method was FRDM~1992!, which is a
macroscopic-microscopic model based on the finite-ra
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57 2033DEPENDENCE OF DIRECT NEUTRON CAPTURE ON . . .
droplet macroscopic model and a folded-Yukawa sing
particle potential@18#. For pairing, the Lipkin–Nogami pair
ing model@25# is employed. This model proved to be ve
successful in reproducing ground state spins along m
numbers@26# and has been used in QRPA calculations
b-decay half-lives@26,20# and for nuclear mass determin
tions @19#.

Finally, we also utilized the self-consistent mean fie
HFB model@14,15# in which the nuclear states are calculat
by a one-step variational procedure minimizing the total
ergy with respect to the occupation factors and the sin
particle wave functions simultaneously.

To be able to compare the predictions from all of t
models the nuclei were considered to be spherically symm
ric. The limitations of such a restriction are discussed in S
VII.

IV. COMPARISON WITH EXPERIMENTS FOR THE
208Pb „n,g…

209Pb REACTION

Recently, it became possible to extract the nonreson
part of the experimental capture cross section for
208Pb (n,g) 209Pb reaction@27#. In that work, high resolution
neutron capture measurements were carried out in orde
determine twelve resonances in the range 1–400 keV. F
these values the resonant Maxwellian-averaged cross se
^s&30 keV

R 50.221~27! mb was calculated. Measurements
the total cross section using neutron activation@28,29# are
also available at 30 keV, yielding the valu
^s&30 keV

t 50.36~3! mb. By a simple subtraction of the reso
nant part from the total cross section the value
^s&30 keV

NR 50.14~4! mb can be deduced for the nonresona
capture cross section.

Using the experimentally known density distributio
@30#, masses@31#, and energy levels@32#, we calculated the
nonresonant contribution in the DC model. The strength
rameterl of the folding potential in the neutron channel w
fitted to experimental scattering data at low energies@33#.
The value ofl for the bound state is fixed by the requir
ment of correct reproduction of the binding energies. T
spectroscopic factors for the relevant low lying states
209Pb are close to unity as can be inferred from differe
208Pb(d,p)209Pb reaction data@32#. For the Maxwellian-
averaged nonresonant DC cross section we obta
^s&30 keV

DC 50.135 mb, which is in excellent agreement wi
experiment. The by far highest contributions to the DC cr
section come from theE1 p wave capture to the low spin
statesJp51/21,3/21,5/21. Capture to the other states
negligible.

In order to test the different microscopic approaches
also calculated nonresonant DC on208Pb by consistently tak-
ing the input~energy levels, masses, and nuclear densit!
from the models described above. Again, the strength par
eter l of the folding potential in the entrance channel w
adjusted to the elastic scattering data for each of the mod
The calculations for the neutron capture cross sections y
0.0289 mb, 0.0508 mb, and 0.0135 mb for RMFT, FRD
and HFB, respectively. Hence, each of the models give
smaller value for the Maxwellian-averaged 30 keV capt
cross section than the calculation using experimental in
data. The differences are due to the neutron separation e
-
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gies and level schemes of the relevant states in209Pb ~see
Fig. 1! in the microscopic models, leading to differentQ
values for capture to the excited stat
(Jp51/21,3/21,5/21). It should be noted that in Fig. 1 onl
those theoretical levels are shown which contribute to
cross section, i.e., only particle states. Capture into h
states is strongly suppressed by the fact that a reorde
process would be required in the final nucleus~see, e.g.,@34#
for a similar case!. This would be reflected in extremel
small spectroscopic factors. Therefore, the DC to such st
is negligible.

V. RESULTS FOR NEUTRON-RICH Pb ISOTOPES

We also investigated the model dependence of neu
capture on the neutron-rich even-even isotopes210– 238Pb.
For these isotopes experimental data are only available
the region of stability. For more neutron-rich nuclei one h
to rely solely on input parameters from microscopic mode
In this and the following section we compare cross secti
calculated with the nuclear properties predicted by differ
nuclear-structure models. Therefore, we consider nuc
cross sections instead of Maxwellian-averaged ones as in
previous section.

Having obtained the relevant spins and calculated theQ
values from the masses as discussed above, we still ha
determine the scattering potentials with their respect
strength parameters@see Eq.~2!#. As a first step, the folding
potentials were calculated, using the density distributio
taken from the three different nuclear-structure mod
~HFB, RMFT, FRDM!. In the potentials for each of the iso
topes a factorl was chosen giving the same volume integ
as for the fitted208Pb1n potential, which was obtained a
described in the previous section. This is justified becaus
is known that the volume integrals only change very slow
when adding neutrons to a nucleus@35#. For the bound state
potentialsl is fixed by the requirement of correct reprodu
tion of the binding energies. The spectroscopic factors w
assumed to be unity for all transitions considered.

The results of our calculations are summarized in Fig
For comparison, the levels from all of the models for219Pb,
229Pb, and239Pb are shown in Figs. 3–5. The most strikin

FIG. 1. Level schemes of209Pb obtained from experimen
~EXP!, and within the RMFT@17#, FRDM @18#, and HFB@14,15#.
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2034 57T. RAUSCHERet al.
feature in Fig. 2 is the sudden drop over several orders
magnitude in the cross sections calculated with the RM
levels in the mass rangeA5212–220. This is due to the lac
of low-spin levels which are cut off by the decreasing ne
tron separation energy. Only after the 1i 11/2 orbital ~which
forms the state at lowest energy in the RMFT! has been filled
completely at222Pb the cross section is increasing beca
low-spin states become available again. A similar gap is s
for A5230–232, and it is expected that those gaps will
peatedly appear when approaching the drip-line. Since
some cases there are unbound low-spin states close to
threshold a small shift in the level energies could alrea
close such a gap. However, note that the level spacing in
RMFT has the tendency to increase towards neutron
nuclei @36#, contrary to the FRDM and the HFB prediction

The values resulting from the FRDM exhibit a smooth
and almost constant behavior in the considered mass ra
Only a slight dip is visible for220Pb(n,g) since the previ-
ously accessible 1/21 and 3/21 states have become unboun
in 221Pb. The 2g9/2 orbital is at lower energy than the 11/21

level in this model. Beyond223Pb it has been filled and a
least one of the low-spin states can be populated again.
known ground state spins for the lighter isotopes are a

FIG. 3. Level schemes of219Pb calculated within the RMFT
FRDM, and HFB.

FIG. 2. Direct-capture cross sections at 30 keV for different
isotopes. Levels and masses are calculated within the RMFT~tri-
angles!, FRDM ~dots!, and HFB~squares!.
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reproduced correctly. For higher mass numbers the cross
tions are similar to the ones obtained in the HFB model.

For mass numbers belowA5232, the HFB capture cros
sections are always larger than those obtained in the o
models. Although the neutron separation energies are
decreasing, theQ values for the capture to the low-spi
states become even larger, because the states are m
towards lower excitation energies. In general, the HFB cr
sections of the investigated capture reactions exhibit a v
smooth behavior with increasing neutron number.

VI. RESULTS FOR Sn ISOTOPES

Proceeding in the same manner as for the Pb isoto
~Sec. V!, we extended our investigation to the Sn nucl
Here, the situation is different in two ways: First, the dri
line lies at relatively much lower neutron numbers and
r -process path is not so far off stability, and second, there
more experimental data available also for the unstable nu
close to or in ther -process path, which makes a test of th
oretical models possible.

Again, we took the nuclear properties and density dis
butions from the above described models. The strength

FIG. 4. Level schemes of229Pb calculated within the RMFT,
FRDM, and HFB.

FIG. 5. Level schemes of239Pb calculated within the RMFT,
FRDM, and HFB.
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57 2035DEPENDENCE OF DIRECT NEUTRON CAPTURE ON . . .
the scattering potentials were adjusted to reproduce the s
value of the volume integral of 425 MeV fm3 as determined
from the experimental elastic scattering data on the stable
isotopes@7#. We calculated the capture cross sections fr
the stable isotope124Sn out to ther -process path which is
predicted at a neutron separation energy of about 2 MeV@3#.
As the models make different predictions about masses
separation energies, ther -process path is located at differe
mass numbers:A.135 for RMFT and FRDM andA.145 in
the case of HFB. Contrary to the Pb isotopes for which thp
wave capture is the main contribution allowed by the el
tromagnetic selection rules, the Sn cross sections are d
nated by thes wave captures, due to the negative parities
the final states.

The level schemes of the125Sn, 133Sn, and141Sn nuclei
are shown in Figs. 6–8, and the resulting cross sections
all considered nuclei and models are combined in Fig.
Similarly as in the Pb case, the dependence of the c
sections on the mass number can be understood by co
ering the excitation energies of the low-spin states relativ
the neutron separation energy predicted in various mo
~Figs. 10–12!. The 3/22 state is bound in the FRDM alread

FIG. 6. Level schemes of125Sn calculated within the RMFT
FRDM, and HFB.

FIG. 7. Level schemes of133Sn calculated within the RMFT
FRDM, and HFB. Experimental levels are taken from Ref.@37#.
me
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f
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to
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at low mass number, whereas it becomes bound only
A5131 andA5133 in HFB and RMFT, respectively. There
fore, the FRDM cross sections are larger than the ones f
HFB and RMFT forA,133. The drop in the FRDM cros
sections beyond theN582 shell is due to the fact that th
1/22 and 3/22 states slowly become unbound~see Fig. 12!.
In the HFB model the two low-spin states move down
energy faster than the neutron separation energy, thus
viding an increasingQ value and slightly increasing cros
sections~Fig. 10!. A similar trend can be found in the level
from RMFT, although with a less pronounced increase of
Q value ~Fig. 11!.

There are no data available concerning the pure DC c
tribution to the cross sections for the neutron-rich Sn i
topes. However, there is experimental information regard
masses and level schemes. This can be compared to th
~see Fig. 7!. For the experimentally known isotope133Sn we
calculated DC by taking the experimentally known mas
and levels@37# as input for the DC calculation, thus arrivin
at a pseudo-experimental value for the cross section wh
can be compared to the purely theoretical predictions. T
resulting value is marked by a cross in Fig. 9. Neutron c
ture on 132Sn is particularly interesting because133Sn is pre-
dicted to be already very close to ther -process path by the
two models RMFT and FRDM. As it turns out, however, th
resulting cross sections show the closest agreement am
the investigated nuclei for this case. All of the consider
models predict the same ground state spin, a bound 32

state and a~barely! unbound 1/22 state~cf. Figs. 10–12, and
Fig. 7; note that the mass ranges in the plots are differe!.
However, the resultingQ value is largest in the RMFT
yielding the highest cross section. The cross sections f
the HFB and FRDM levels are smaller by about a factor o
because of the less strongly bound 3/22 state. The additiona
5/22 state found in HFB gives only a small contribution
the total cross section and cannot compensate for the c
paratively low Q value of the capture to the 3/22 level.
Nevertheless, compared to the large discrepancies regar
other nuclei, there is good agreement in the resulting cr
sections. Therefore, this nucleus may be a bad choice to
lect between the different models, but it is reassuring in

FIG. 8. Level schemes of141Sn calculated within the RMFT,
FRDM, and HFB.
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FIG. 9. Same as in Fig. 2 but for the Sn isotopes. The cross section resulting from a calculation using experimental levels@37# is marked
by a cross.
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astrophysics context that the cross sections agree so we

VII. DISCUSSION

In systematicr -process studies@3# it was found that the
r -process path is touching nuclei with neutron separation
ergies around 2.5–1.7 MeV in the Sn region andSn.1.5–0.9
MeV in the Pb region@3#. In our calculations for Pb~includ-
n-

ing 239Pb1n! we cover the astrophysically relevant mass
gion, with the possible exception of the HFB model. T
neutron separation energies in the HFB model decre
much slower with increasing mass number than in the ot
models~cf. Fig. 5!, thus not only leading to a drip-line a
higher mass but also pushing ther -process path further out
However, the most extreme path location might still be fu
ther out by not more than two or three isotopes from240Pb,
the
FIG. 10. Dependence of level energies on mass number for the even2odd Sn isotopes calculated in the HFB model. Shown are
1/22 state~open circles!, the 3/22 state~triangles!, and the calculated neutron separation energy~full circles!. The lines are drawn to guide
the eye.
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FIG. 11. Same as in Fig. 10 but for the RMFT.
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and therefore it is possible to extrapolate the trend seen in
HFB calculation at lower mass numbers. It should be kep
mind, however, that the location of ther -process path is
determined by the ratio between neutron capture half-life
b-decay half-life.

In the following we briefly discuss the possible astr
physical consequences of the effects found in the cross
tion behavior given by the different models. Comple
r -process network calculations, which take into account
possible reaction links and do not postulate ana priori
b-flow equilibrium, require a large number of astrophysic
he
n

d

c-

ll

l

and nuclear-physics input parameters~for a detailed discus-
sion, see, e.g.,@1#!. In such a nonequilibrium scenario, th
location of ther -process path as well as the time scale of
r -matter flow is mainly determined by the neutron density
astrophysical quantity, and by the nuclear-physics para
eters: the neutron separation energySn and the capture cros
sectionssn . With this, details of ther -process are dependin
on the specific nuclear models used. In the following disc
sion we will consider as a first estimate only ther -process
paths found in detailed studies making use of FRDM mas
@3# and vary the capture cross sections according to our fi
FIG. 12. Same as in Fig. 10 but for FRDM levels.
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ings for the different microscopic inputs.
In the mass region beyond theA.195 r -abundance peak

neutron densities ofnn. 1025–1027 cm23 are required to
produce sizeable amounts ofZ.80–84, A.230–250
r -process isotopes very far fromb stability. After successive
b2 and a decays they will form the long-lived
r -chronometers232Th and 235,238U, and the major part of the
r -abundances of206– 208Pb and209Bi ~see, e.g.,@38#!. When
regarding thesn cross sections for Pb from FRDM and HF
~see Fig. 2!, very similar results are expected for th
230– 238Pb progenitor isotopes. Thus, also similar initialr -
abundances for232Th and 235,238U will result. However,
when using the RMFT cross sections, a considerable
drance of the nuclear flow aroundA.130 may occur which
consequently would change the Th/U abundance rat
These neutron capture cross sections which are 5 or m
orders of magnitude smaller than the ones given by FR
and HFB levels would increase the lifetime of a nucle
against neutron capture by the same order of magnitude
thus even prevent the flow to heavier elements within
time scales given by the astrophysical environment.

In the case of the Sn isotopes, the situation is quite
ferent from the Pb region. The range of astrophysically re
istic nn conditions for producing theA.130 r -abundances is
lower, with nn. 1022253 1024 cm23. Hence, ther -process
path is much closer tob stability, involving the progenitor
isotopes134,136,138Sn only a few neutrons beyond the doub
magic nucleus50

132Sn82. For these isotopes the Hause
Feshbach~HF! cross sections used so far@1# are of the order
of 1024 to 531025 b. According to a recent investigatio
@13#, the statistical model cannot be applied in that reg
and will overestimate the capture cross sections. Howe
even if we use the experimental levels to calculate a Br
Wigner resonant cross section for132Sn(n,g) 133Sn, we find
it to be a factor of about 6 lower than the HF cross sectio
Our present calculations would add another DC contribut
of about the same magnitude as given by HF~see Fig. 9!,
which has so far not been taken into account. As a con
quence of the larger total cross section, ther -matter flow to
heavier elements would be facilitated, thus avoiding the f
mation of a pronouncedA.134–138 ‘‘satellite peak’’ in the
r -abundance curve sometimes observed in steady-flow ca
lations ~see, e.g., Fig. 2 in@4#, or Fig. 5 in @3#!. Such a
signature is only indicated in the heavy-mass wing of
A.130Nr ,( peak. It is interesting to note in this context th
the HFB model, which exhibits the weakestN582 shell clo-
sure and with this also the weakest ‘‘bottleneck’’ for th
r -matter transit in this region~for a detailed discussion, se
e.g., @39#!, yields the highest DC cross sections for t
A>134 Sn isotopes.

Since we assumed spherical nuclei in order to be abl
compare the different microscopic models, deformation
fects were not taken into account which lead to level splitt
and thus can increase the number of accessible levels. W
considering deformation our results could be modified in t
ways: First, the number of bound low-spin levels could
increased, leading to larger DC cross sections; second, d
a possibly larger number of levels at and above the neu
separation energy, the compound reaction mechanism c
be further enhanced and clearly dominate the resulting c
sections. However, as can be seen from level density@2,13#
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and deformation~e.g., @19#! studies, deformation of Pb iso
topes sets in at a mass number of aboutA.220 and de-
creases already for masses beyondA.230. Closer to the
drip-line, the nuclei show low level densities again, not on
due to low neutron separation energies but also becaus
sphericity. Lead isotopes in ther -process path~especially for
components with lowSn! will therefore already have reduce
deformation and the DC—being sensitive to the lev
structure—will give an important contribution to the tot
capture cross sections. Concerning Sn, a theoretical stud
the ratio of DC over CN contributions for Sn isotopes@7#
shows that CN dominates up to a mass numberA.130.
Moreover, deformation is predicted to set in only atA.140
for Sn @20#. This is supported by level density consideratio
@13#, showing that the level density is too low in this regio
to apply the statistical model. Therefore, depending on
model, ther -process path lies at the border of or already w
inside the region where the DC is non-negligible and dom
nating.

Another source of uncertainty is the assumption of p
single-particle states, i.e., setting the spectroscopic factor
unity. This has been shown to be a good approximation
Pb isotopes close to stability and it is expected to hold
neutron-rich Pb isotopes. However, a range of 0.01–1.0
the spectroscopic factors could be realistic. This will pl
only a minor role in the present comparison of different m
croscopic models, as the differences in the models may
only slightly enhanced when considering different theoreti
spectroscopic factors. Nevertheless, it will be important
quantitative calculations of abundances, invoking comp
cated reaction networks.

VIII. SUMMARY

We have shown that theoretical capture cross sections
depend sensitively on the microscopic models utilized to
termine the necessary input parameters. Because of low l
densities, the compound nucleus model will not be ap
cable in those cases. Drops over several orders of magni
in the cross sections—as found with the RMFT for Pb
would change the position of ther -process path and possibl
influence the formation of heavy chronometer elemen
whereas the enhanced capture rates on Sn could have d
effects in the finalr -process abundance distribution. Defo
mation effects and the compound nucleus reaction mec
nism may still be of importance for the Pb isotopes a
further investigations are needed. Nevertheless, the DC
be of major importance in the Sn region. This region is a
interesting for future experimental investigations ofSn , neu-
tron single-particle levels and (d,p) reactions studying spec
troscopic factors. There is also a need for improved mic
scopic nuclear-structure models which can also be comp
in an astrophysical context following the successful tradit
of the interplay between nuclear physics and astrophysic
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