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The measurement of the neutron capture reaction46Ca(n,g)47Ca is of astrophysical interest, because46Ca is
bypassed by charged-particle reactions. The nucleus46Ca is produced and destroyed by neutron-induced
nucleosynthesis in hydrostatic helium, carbon, and neon burning through the reaction chain
45Ca(n,g)46Ca(n,g)47Ca. At the Karlsruhe and Tu¨bingen 3.75 MV Van de Graaff accelerators the thermo-
nuclear 46Ca(n,g)47Ca(4.54d) cross section was measured by the activation technique via the 1297.09 keV
g-ray line of the 47Ca decay. Samples of CaCO3 enriched in46Ca by 5% were irradiated between two gold
foils which served as capture standards using the7Li( p,n) and T(p,n) reactions. The capture cross section
was measured at the mean neutron energies 30, 104, 149, 180, and 215 keV, respectively. Maxwellian averaged
capture cross sections were measured at the quasithermal neutron energieskT525 and 52 keV, respectively. It
was found that the46Ca(n,g)47Ca cross section in the thermonuclear energy region and at thermal energy is
dominated by ans-wave resonance at 28.4 keV with a neutron widthGn5(17.422.8

13.6) keV and a radiation width
Gg5(2.460.3) eV. The stellar reaction rate is determined in the temperature range fromkT51 to 250 keV
and is compared with previous investigations using Hauser-Feshbach calculations or experimental cross section
data. The astrophysical consequences of the new stellar reaction rate with respect to the nucleosynthetic
abundance of46Ca are discussed.@S0556-2813~99!05106-7#

PACS number~s!: 25.40.Lw, 25.40.Ny, 26.20.1f
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I. INTRODUCTION

For a long time it has been known that the solar-syst
abundances of elements heavier than the iron-group nu
have been produced by neutron-capture reactions@1#. How-
ever, neutron-induced reactions can also be of relevance
abundances of some isotopes lighter than the iron-group
clei especially for neutron-rich isotopes, even though
bulk of these elements has been synthesized by char
particle induced reactions. Examples for such neutron-
isotopes that are bypassed by charged-particle reactions
produced by neutron-induced nucleosynthesis are32Si, 36S,
40Ar, and the calcium isotopes46Ca and48Ca @2–4#.

46Ca is one of the nuclei for which the largest nucleosy
thetic abundance differences in model calculations can
obtained due to the use of varying reaction rates@4#. The
isotope46Ca is ans-process nucleus produced in hydrosta
helium, carbon, and neon burning at temperatures of
<T9<1.5. The nucleosynthetic abundance of46Ca is deter-
mined by production and destruction through neutron cap
in the reaction chain45Ca(n,g)46Ca(n,g)47Ca. The reaction
rate for 46Ca(n,g)47Ca has been determined previously u
ing a Hauser-Feshbach calculation by Woosleyet al. @5#
~henceforth WHFZ!. The reaction rate given by Thieleman
et al. @6# ~henceforth TAT! for 46Ca(n,g)47Ca assumes a
dominants-wave behavior leading to a constant rate as
function of temperature. This constant rate was then norm
ized to the suggested experimental 30 keV (n,g) cross sec-
tion given in Ref.@7#. Finally, there exists the recent Hause
Feshbach reaction rate calculated by Rauscher
Thielemann@8# ~henceforthNON-SMOKER! including a mod-
PRC 590556-2813/99/59~6!/3410~8!/$15.00
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ernized level density treatment and updated information
nuclear masses and energy levels as well as the optio
treating isospin mixing.

The attempts to understand neutron-induced nucleos
thesis require as important ingredients the knowledge
neutron-capture rates. The influence of shell effects on n
tron capture is one of the most interesting aspects of neu
capture, especially since neutron capture in the vicinity
magic numbers is often a bottleneck in neutron-induced
cleosynthesis. This is the case also in neutron capture
neutron-rich isotopes close to the magic proton and neu
numbersZ520 andN528, i.e., in the vicinity of the doubly
magic nucleus48Ca. The neutron capture for nuclei in th
mass region is also of relevance for the Ca-Ti abunda
anomalies occurring in certain primitive meteorites@9–11#.

The low isotopic occurrence of46Ca of only 0.004% in
natural calcium which is only surpassed by the 0.0013
presence of3He in natural helium renders the study of th
46Ca isotope difficult especially for time-of-flight neutro
capture measurements. Neutron capture of46Ca(n,g)47Ca
has been measured previously at thermal@12# and thermo-
nuclear energies@13,14#. The results at thermonuclear ene
gies are significantly different. The Maxwellian average ca
ture cross section~MACS! at kT525 keV of Käppeleret al.
@13# is by a factor of 2.4 larger than the value reported
Murzin @14#. In addition, the values of Murzin suggest th
existence of a broad resonance in47Ca at a neutron energy o
28 keV. In this work we tried to find evidence for this res
nance and to resolve the discrepancy between the prev
authors. For this purpose we carried out measurements a
Karlsruhe and Tu¨bingen Van de Graaff accelerators. Qua
3410 ©1999 The American Physical Society
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TABLE I. Sample characteristics and decay properties of the product nuclei47Ca and198Au.

Isotope Chemical Isotopic composition Reaction T1/2 Eg Intensity per decay
form ~%! ~d! ~keV! ~%!

46Ca CaCO3 81.363~40!, 1.194~42!, 0.385~43!, 10.464~44!, 46Ca(n,g)47Ca 4.536 1297.09 7469 a

4.987~46!, 1.607~48!
197Au metallic 100 197Au(n,g)198Au 2.69 411.8047 95.5060.096

aFrom Ref.@25#.
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Maxwellian neutron spectra atkT525 and 52 keV were gen
erated as well as spectra very close to the7Li( p,n) reaction
threshold with a mean energy of 30 keV. At energies ab
100 keV we determined the46Ca capture cross section
average energies of 104, 149, 180, and 215 keV, res
tively.

II. MEASUREMENTS

The activation measurements in the thermonuclear en
range have been carried out at the 3.75 MV Van de Gra
accelerators in Karlsruhe and Tu¨bingen. Our activations were
performed using samples with an enrichment of 5%. T
was sufficient for the measurements due to the good sig
ture for the 46Ca capture events via the 1297 keVg line in
the 4.54d decay of 47Ca residual nucleus~Table I! and due
to the good background conditions in activation experime

A. Activation technique

The activation technique has been described in prev
publications@15–18#. The nuclei to be investigated are irra
diated in the neutron spectrum provided by the Van
Graaff accelerator, and the induced activity is counted af
wards off-line in the laboratory via a characteristicg line.
The characteristic time constants of the activation are
irradiation time tb , the counting timetc , and the waiting
time tw . Theg-ray activity of the sample determined with
HPGe detector is given by

C5egKg f g@12exp~2ltc!#exp~2ltw!Nsg f bE
0

tb
F~ t !dt

~2.1!

with

f b5E
0

tb
F~ t !exp~2lt !dtY E

0

tb
F~ t !dt.

The following additional quantities have been defined:eg ,
Ge efficiency;Kg , g-ray absorption;f g , g-ray intensity per
decay;N, the thickness~atoms per barn! of target nuclei;sg ,
the capture cross section;F(t), the neutron flux as a function
of time. The quantityf b is calculated from the registered flu
history of a 6Li glass monitor. Equation~2.1! contains the
quantitysg . The unknown capture cross section of46Ca is
measured relative to the well-known standard cross sec
of 197Au @19,20#.

The efficiency determination of the 98.6% HPGe detec
has been reported elsewhere@21#. Theg-ray absorption was
calculated using tables published by Storm and Israel@22#
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and Veigele @23#. The samples of the46CaCO3 powder
pressed to self-supporting tablets were heated to 1000 °C
3 h. No measurable weight loss due to absorbed water
observed. The tablets were put into a thin Al-foil. The e
richment was determined by a mass spectrometric ana
carried out by the Wiederaufarbeitungsanlage Karlsru
~WAK !. In Table I the isotopic composition of the46Ca
sample, other sample characteristics, and the decay pro
ties of the product nuclei are listed. The decay of47Ca pro-
vided us with a strongg-ray line at 1297.09 keV. Unfortu-
nately, the intensity per decay is known only with a relati
accuracy of 12%. It is interesting to note that in the tw
previous measurements@13,14# a g-ray intensity of (77
62)% taken from@24# was used which in the new comp
lation @25# has been revised to (7469)%.

B. Neutron production, time-of-flight measurements

Two kinds of neutron spectra for the activations we
generated, quasi-Maxwellian averaged distributions w
thermal energies ofkT525 and 52 keV, respectively, usin
proton energies close to the reaction threshold of
7Li( p,n) and T(p,n) reactions. For this purpose the targ
layer has to be chosen thick enough that the energy decr
of the protons reaches the reaction threshold in the la
With these conditions we produced a kinematically co
mated neutron beam which is independent from the ta
thickness. Using the7Li( p,n) reaction and proton energie
very close to the threshold energy of 1881 keV we genera
neutron spectra practically symmetrically centered arou
30 keV but with neutron distributions betwee
20<En<40 keV and 12<En<55 keV, respectively~Fig. 1!.
With these spectra we were able to investigate the width
the 46Cas-wave resonance. The spectra at 104, 149, 180,
214 keV were generated using 2.5mm thick Li targets and
higher proton energies.

The required proton energy conditions and the neut
spectra integrated over the solid angle of the sample w
determined in time-of-flight~TOF! measurements before th
actual activation runs using the accelerator in pulsed mo
The measurements were carried out under the same co
tions as previously reported@18#.

As the 46CaCO3 samples of 6 mm diameter to be inves
gated are characterized by a finite thickness it is necessa
sandwich the sample by two comparatively thin gold foils
the same dimensions for the determination of the effec
neutron flux at sample position. The activities of these g
foils were counted individually. The effective count rate
gold was obtained from these individual rates.
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III. ANALYSIS

A. Experimental results

Table II gives a survey of the sample weights and
measured46Ca capture cross sections. The measurem
were carried out with calcium carbonate sample masses
tween 60 and 80 mg. In Figs. 2 and 3 the accumulatedg-ray
intensity from two of the46Ca activations is shown, the ac
tivation with a neutron spectrum of mean ener
kT525 keV and a mean energy 149 keV. In allg-ray spectra
the relevantg line is well isolated on a low level of back
ground counts.

The following systematic uncertainties were combined
quadratic error propagation, Au standard cross section: 1
3 %, Ge-detector efficiency: 2%,g-ray intensity per decay
12 % for the47Ca and 0.1 % for the198Au decay, divergence
of neutron beam: 2–5 %, factorf b : <0.5 %, sample weight
,0.5 %.

B. Parameterization of the cross section

In the work of Murzin@14# average capture cross sectio
have been measured at the reactor with filtered neu
beams, the resolution of the energy spectra used lies betw
60.5 and612.5 keV~Fig. 4!. His data suggest the existenc
of a broad s-wave resonance. With his data points fr
17 eV to 45 keV and the thermal cross section of (0
60.07) b@12# included he obtained for the resonance ene
E0 and the neutron and radiation widthsGn andGg the val-
ues (28.461.6) keV, (17.761.7) keV, and (1.460.2) eV,
respectively.

The existence of the 28 keV resonance is confirmed
our two measurements at energies around 30 keV. In gen
the measured capture cross section is given by

sexp5E F~E!s~E!dE, ~3.1!

FIG. 1. The neutron spectra with a mean neutron energy
30 keV generated at reaction threshold of the7Li( p,n) reaction.
Below the distribution between 20<En<40 keV and above the dis
tribution between 12<En<55 keV.
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where F(E) is the normalized neutron energy distributio
ands(E) is the capture cross section at the energyE. For a
nonresonant cross sections(E) one would expect the sam
measured cross sectionsexp for the two neutron energy dis
tributions at 3065 and 30610 keV ~see Fig. 1!. However,
from the narrow energy distribution 3065 keV we obtain a
cross section which is a factor of 1.5 larger than for t
broader distribution 30610 keV. From this ratio of the two
experimental resultssexp at 30 keV one can directly derive
the neutron width of the resonance using Eq.~3.1! with s(E)
given by the Breit-Wigner formula

sBW~E!5
p

k2
v

GnGg

~E2ER!21G2/4
~3.2!

with the wave numberk, the statistical factorv5(2J
11)/@(2JP11)(2JT11)#51 for s-wave resonances, th
resonance energyER , and the energy dependent widthsG,
Gn , andGg . For the neutron width at the resonance ene
ER we derive from our experimental dat
Gn5(17.422.8

13.6) keV. Obviously, such a broad resonan
must be ans-wave resonance (Jp51/21), and the energy
dependence of the neutron width has to be taken into
count. From the Breit-Wigner formula together with the e
perimental neutron widthGn we can additionally derive the
radiation width of the resonance from our two measureme
at (3065) and (30610) keV: Gg5(2.9260.34) eV.

From the measurements using the quasithermal neu
spectra atkT525 and 52 keV one can also derive the rad
tion width of the resonance. However, because of the broa
energy distributions of the quasithermal spectra additio
assumptions on the behavior of the capture cross sectio
higher energies enter into the determination. At higher en
gies an approximate 1/v behavior was found experimentall
from the measurements at 104620, 149620, 180620, and
215623 keV. We have extrapolated this 1/v behavior down
to lower energies until 44 keV where the resonant cross s
tion exceeds the 1/v extrapolation neglecting interference e
fects ~see Fig. 4!. Note that the unphysical discontinuit
above the 28.4 keV resonance at 44 keV has only minor
fluence on the astrophysical reaction rate, and that there i
discontinuity below the 28.4 keV resonance~see also Sec
III C !. In the vicinity of the resonance we used a pure Bre
Wigner cross section. Again using Eq.~3.1! and a Maxwell-
ian neutron energy distributionF(E) we obtainGg5(1.88
60.33) eV from the MAC value atkT525 keV and Gg
5(2.461.0) eV from the MAC value atkT552 keV. The
weighted average of our three experimentalGg values is
(2.460.3) eV. Our final resonance parameters for thes-wave
resonance are thenE0528.4 keV, Gn5(17.422.8

13.6) keV, and
Gg5(2.460.3) eV.

The small discrepancy between theGg values can be
partly caused by the uncertainty of the extrapolated 1/v cross
section from the higher energy region. A better descript
of the higher energy region would require more detai
knowledge of the higher-lying resonances in47Ca above the
46Ca1n threshold which is not available.

f



.

PRC 59 3413NEUTRON CAPTURE OF46Ca AT THERMONUCLEAR ENERGIES
TABLE II. Sample weights and experimental46Ca capture cross sections at thermonuclear energies

Mean neutron Mass of Au Mass of Mass of Au sg Uncertainty
energy back side CaCO3 front side ~mb! statistical total
~keV! ~mg! ~mg! ~mg! ~%! ~%!

kT525 16.620 75.298 16.630 4.807 0.32 13.0
16.460 60.118 16.433 4.423 0.61 13.0

Average 4.5860.59

3065 15.665 75.298 15.530 14.537 2.5 13.7
15.748 74.450 15.872 12.131 1.1 12.8
15.967 77.767 15.976 13.034 1.1 12.8
16.697 79.645 16.693 22.997 7.1 14.6

Average 12.7261.62

30610 16.183 77.767 16.177 6.536 0.91 13.0
16.270 59.611 16.263 7.290 1.10 12.8
16.005 76.079 15.930 10.317 0.91 12.8
16.063 60.118 16.047 10.788 0.91 12.7
16.127 75.728 16.230 7.929 0.80 12.8
16.817 72.540 16.763 9.041 1.50 12.8

Average 8.6361.10

kT552 16.270 59.611 16.263 3.13 19.70 23.8
Average 3.1360.74

104620 16.310 74.518 16.290 1.41 2.90 13.4
16.627 76.079 16.647 1.63 0.90 13.6

Average 1.5260.20

149620 16.540 74.450 16.577 1.198 1.20 13.2
16.867 76.079 16.853 1.173 2.10 13.3

Average 1.1960.16

180620 16.700 59.611 16.647 1.034 1.60 13.6
16.130 74.450 15.997 1.073 1.50 13.8

Average 1.0560.14

215623 16.413 75.084 16.450 1.30 2.10 13.3
16.670 75.298 16.663 0.92 5.20 14.1

Average 1.1160.14
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C. The thermal capture cross section

Because of the known energy dependence of the neu
width Gn the thermal capture cross section can be calcula
from the broads-wave resonance using Eq.~3.2!, and one
obtains a thermal capture cross section of 1.315 b. This re
is higher than the measured value from literature. Howe
one must keep in mind that destructive interference of
resonance capture with a directs-wave capture componen
can reduce this thermal resonance capture. A simple estim
shows that a direct capture contribution of only 0.082 b
sufficient in order to obtain the experimental thermal va
of (0.7460.07) b@12#. There is also some experimental ev
dence for the destructive interference between the br
resonance at the direct capture at low energies: Murzin’s
point at 2 keV is lower than the 12 keV point, whereas t
Breit-Wigner cross section is higher at 2 keV than at 12 ke
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D. Determination of the Maxwellian average capture cross
section and the stellar rate factor

The obtained Maxwellian averaged46Ca(n,g)47Ca cross
section determined from our experimental data including
measured MAC cross sections atkT525 and 52 keV is
shown by the solid line in Fig. 5. Our 30 keV experimen
data served to determine the width of thes-wave resonance
at 28.4 keV first suggested by Murzin. The experimental d
above 100 keV were fitted assuming a 1/v energy depen-
dence of the cross section. With the above parameters
MACS and the stellar rate factor were calculated and
given in Table III and shown in Figs. 5 and 6, respective
In Table III we also show separately the contributions to
reaction rate factor for thes-wave resonance at 28.4 keV a
well as for the 1/v part of the data above 44 keV where th
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3414 PRC 59P. MOHRet al.
1/v extrapolation from higher energies exceeds the reso
contribution from the 28 keV resonance.

The stellar rate factor can be fitted by the following an
lytic expression:

^sv&5a1T9
m expS 2

a2

kTD1a3 expS 2
ER

kTD . ~3.3!

By fitting Eq. ~3.3! to the obtained total stellar rate facto
given in the last column of Table III we obtain the followin
set of parameters for the analytic fit:a150.279
3106 cm3 s21 mole21, a2523.2 keV, a350.414
3106 cm3 s21 mole21, and m521.395. The analytic ex-
pression given in Eq.~3.3! with the above parameters repr
duces the stellar rate factor for all temperatures by less
1.3 % in the astrophysically interesting temperature range
tweenT523108 K and T523109 K.

E. Comparison with previous results

As 46Ca is very rare in nature~natural enrichment only
0.004%! it has not yet been investigated by the usual tim
of-flight techniques. It is the advantage of the activati
method that due to its high sensitivity and selectivity me
surements are still possible with small samples of low

FIG. 2. Accumulated intensities of the47Ca and 198Au g-ray
decay lines from the activation with the 75.298 mg CaCO3 sample
sandwiched by two Au foils using a neutron spectrum with a m
energy ofkT525 keV.

FIG. 3. Accumulated intensities of the47Ca and 198Au g-ray
decay lines from the activation with the 74.450 mg CaCO3 sample
sandwiched by two Au foils using a neutron spectrum with a m
energy of 149 keV.
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richment, e.g., 5% as in our measurements. The result
previous 46Ca neutron capture measurements in the therm
nuclear energy region are also activation measurements
with discrepant results. To try to solve the discrepancies
tween these two measurements@13,14# represented one mo

n

n

FIG. 4. Comparison of the experimental neutron capture cr
section of46Ca with previous results. The data of Murzin@14# are
connected by a dashed line as eyeguide. The values have
measured at the reactor with filtered neutron beams, the FWHM
the energy spectra lies between 1 and 25 keV, e.g., 144612.5 keV.
The solid circles are the average cross sections of this work.
solid line is a determination of the46Ca capture cross section from
our experimental data including the measured MAC cross sect
at kT525 and 52 keV, respectively. Our 30 keV average cross s
tions served to determine the width of thes-wave resonance a
28.4 keV first suggested by Murzin. The experimental data ab
100 keV were fitted assuming a 1/v energy dependence of the cro
section. The short-dashed line shows the contribution of
28.4 keV resonance.

FIG. 5. A comparison of the experimental MAC cross sectio
from our measurements and from previous work is shown. T
solid line with the shaded area represents the final MAC cross
tion and its 1s uncertainty determined from all our measured ca
ture cross sections. The two solid circles are our directly measu
MAC cross sections atkT525 and 52 keV. The open square is th
MAC cross section measured by Ka¨ppeler et al. @13#. The open
circles are the MAC cross sections atkT525 and 30 keV reported
by Murzin @14#. Note that the values from previous measureme
have been corrected taking into account the change in the inte
per decay for the 1297 keV47Ca g line from I g57762% to I g

57469% @25#.



en

PRC 59 3415NEUTRON CAPTURE OF46Ca AT THERMONUCLEAR ENERGIES
TABLE III. The 46Ca Maxwellian averaged capture~MAC! cross section and stellar reaction rate betwe
1 and 250 keV. The reaction rate contribution from the 28.4 keV resonance and the 1/v part above 44 keV are
specified, too. The uncertainty is estimated to be 12.5%.

kT ^s v&/vT Stellar rate factorNA^s v&
~keV! ~mbarn! (cm3mol21s21)

Resonance part 1/v part Total

1.00 7.46093100 1.98653105 5.6428310213 1.98653105

2.00 6.04143100 2.27483105 9.300731024 2.27483105

3.00 5.84703100 2.69643105 1.01423100 2.69643105

4.00 6.14273100 3.27073105 3.22583101 3.27103105

5.00 6.62253100 3.94023105 2.51673102 3.94273105

6.00 7.10023100 4.62093105 9.76563102 4.63063105

7.00 7.48563100 5.24763105 2.54823103 5.27313105

8.00 7.75103100 5.78513105 5.19603103 5.83713105

10.00 7.95433100 6.55823105 1.39053104 6.69723105

12.00 7.84853100 6.97393105 2.64963104 7.23883105

15.00 7.40003100 7.13253105 4.98283104 7.63083105

18.00 6.83463100 6.96883105 7.51633104 7.72053105

20.00 6.45563100 6.76733105 9.19523104 7.68683105

22.00 6.09393100 6.52853105 1.08183105 7.61033105

25.00 5.59703100 6.14053105 1.31053105 7.45113105

27.00 5.29843100 5.87833105 1.45193105 7.33023105

30.00 4.89753100 5.49533105 1.64683105 7.14213105

35.00 4.34003100 4.90723105 1.92903105 6.83623105

40.00 3.89423100 4.39293105 2.16463105 6.55753105

45.00 3.53373100 3.94963105 2.36183105 6.31143105

50.00 3.23833100 3.56883105 2.52803105 6.09683105

52.00 3.13493100 3.43183105 2.58713105 6.01893105

55.00 2.99303100 3.24093105 2.66913105 5.91003105

60.00 2.78673100 2.95753105 2.78973105 5.74733105

65.00 2.61113100 2.71133105 2.89383105 5.60503105

70.00 2.46013100 2.49613105 2.98413105 5.48023105

80.00 2.21413100 2.14023105 3.13243105 5.27263105

90.00 2.02233100 1.85993105 3.24823105 5.10823105

100.00 1.86873100 1.63503105 3.34033105 4.97543105

110.00 1.74263100 1.45153105 3.41443105 4.86623105

120.00 1.63713100 1.29953105 3.47463105 4.77473105

150.00 1.40083100 9.71743104 3.59403105 4.56783105

180.00 1.23573100 7.61333104 3.64783105 4.41403105

200.00 1.14833100 6.59713104 3.65683105 4.32373105

250.00 9.761631021 4.84793104 3.61083105 4.10953105
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tivation of the present experiment. In the approach of K¨p-
peleret al. @13# a Maxwellian averaged capture cross sect
was measured directly atkT525 keV using the quasi
Maxwellian neutron spectrum from the7Li( p,n) reaction.
The measured MAC cross section at 25 keV w
(6.560.5) mb. In the work of Murzin@14# the Maxwellian
average capture cross section has been calculated from
ues measured at the reactor with filtered neutron beams.
result was (2.760.4) mb and turned out to be smaller by
factor of 2.4 than the respective MAC cross section va
reported by Ka¨ppeler et al. @13# and induced Murzin to
speculate about narrowp-wave resonances in the energ
range missed in his measurement and therefore not taken
account in his calculation of the MAC cross section. In t
present work we had used the methods of both previous
vestigations, i.e., neutron spectra which lead directly
n

s

al-
his

e

to

n-
o

MAC capture cross sections atkT525 and 52 keV and neu
tron spectra to analyze the suggesteds-wave resonance a
28.4 keV. Our average cross sections proved to be system
cally higher than the results of Murzin@14# ~Fig. 4!. This
tendency is also confirmed by our calculated MAC cro
section of 5.660.7 mb atkT525 keV ~taking into account
all our experimental data as described in Secs. III B a
III D ! which is also higher than Murzin’s@14# respective
calculated result but slightly lower than Ka¨ppeler et al.’s
@13# value ~Fig. 5!.

In Fig. 6 our new different stellar reaction rate factors a
compared to previous results. The curves WHFZ andNON-

SMOKERrefer to Hauser-Feshbach calculations given in Re
@5,8#, whereas for the TAT curve@6# a temperature-
independent reaction rate factor is assumed that was nor
ized to the experimental MACS at 30 keV@7#. As can be
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seen from this figure, contrary to the previous determinati
where there was no or only a small temperature depende
our new reaction rate factor shows a much stronger temp
ture dependence. This is due to the effect of thes-wave reso-
nance at 28.4 keV.

It is interesting that at the astrophysically relevant te
peratures of 0.2<T9<1.5 for hydrostatic helium, carbon
and neon burning the differences between the Hau
Feshbach calculations WFHZ andNON-SMOKERand our new
reaction rate factor are not large, even though the temp
ture dependence is quite different, e.g., atT951, WFHZ:
5.33105 cm3 s21 mole21; TAT: 7.93105 cm3 s21 mole21;
NON-SMOKER: 4.73105 cm3 s21 mole21; this work: 5.2
3105 cm3 s21 mole21. However, at lower or higher tempera
tures the differences get larger due to the stronger temp
ture dependence of our reaction rate factor.

The final stellar supernova yields for a 15M ( star
evolved from the main sequence has been calculated in
@4# using the WHFZ as well as the TAT rates. However,
this work the both the TAT rate and WFHZ rate fo
46Ca(n,g)47Ca have been normalized to the experimen
MACS at 30 keV@7# giving a stellar reaction rate factor a
T9'1 of 7.93105 and 7.83105 cm3 s21 mole21, respec-
tively. The difference calculated for the nucleosynthe
abundance of46Ca in Ref.@4# using the TAT and the WFHZ

FIG. 6. A comparison of our new stellar reaction rate fac
~solid curve! for 46Ca(n,g)47Ca with previous determinations. Th
labels WHFZ~dotted curve! and NON-SMOKER ~dash-dotted curve!
refer to Hauser-Feshbach calculations, whereas for the TAT c
~dashed line! a temperature-independent reaction rate factor is
sumed that was normalized to Ka¨ppeler’s MACS at 30 keV.
e,

er
s
ce,
ra-

-

r-

a-

ra-

ef.

l

rates is practically only due to the production reaction r
45Ca(n,g)46Ca. Our new reaction rate factors for the rea
tion 46Ca(n,g)47Ca leading to the destruction of46Ca is at
T9'1 about a factor 1.5 smaller than the one used in R
@4#. This leads to an enhancement of the nucleosynth
abundance of46Ca for our new stellar reaction rate factor b
about the same amount.

IV. CONCLUSIONS

The 46Ca neutron capture cross section in the therm
nuclear energy region is dominated by as-wave resonance a
28.4 keV. The thermal capture cross section is due to
resonance chiefly resonance capture, too. Only a very s
direct contribution of 0.082 b is sufficient to generate
destructive interference the measured thermal capture c
section. For further investigations it would be of great im
portance to measure the intensity per decayI g of the
1297 keVg-ray line in the47Ca decay to a higher precision
The 12% relative uncertainty ofI g is presently the dominat
ing uncertainty in the measurements.

Our new reaction rate factor for46Ca(n,g)47Ca shows,
contrary to previous determinations, a much stronger te
perature dependence due to a resonants-wave contribution.
Furthermore, it is smaller than previous determinations of
reaction rate that have been normalized to the experime
Maxwellian cross section at 30 keV@7#. This leads to an
enhanced nucleosynthetic abundance of46Ca by about a fac-
tor 1.5 compared to the values given in Ref.@4#.
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