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The measurement of the neutron capture reacti@a(n, y)*’Ca is of astrophysical interest, becadéga is
bypassed by charged-particle reactions. The nucfGs is produced and destroyed by neutron-induced
nucleosynthesis in hydrostatic helium, carbon, and neon burning through the reaction chain
4ca(n,y)*Ca(n,y)*'Ca. At the Karlsruhe and “Bingen 3.75 MV Van de Graaff accelerators the thermo-
nuclear*Ca(n, y)*’Ca(4.54d) cross section was measured by the activation technique via the 1297.09 keV
y-ray line of the*’Ca decay. Samples of CaG@nriched in“®Ca by 5% were irradiated between two gold
foils which served as capture standards usingthiép,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 ek€rgiisand 52 keV, respectively. It
was found that thé®Ca(n, y)#'Ca cross section in the thermonuclear energy region and at thermal energy is
dominated by as-wave resonance at 28.4 keV with a neutron wiith=(17.4" 39 keV and a radiation width
I' ,=(2.4£0.3) eV. The stellar reaction rate is determined in the temperature rangekffeni 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 of®Ca are discussefiS0556-281@9)05106-7

PACS numbgs): 25.40.Lw, 25.40.Ny, 26.26-f

[. INTRODUCTION ernized level density treatment and updated information on
nuclear masses and energy levels as well as the option of
For a long time it has been known that the solar-systentreating isospin mixing.
abundances of elements heavier than the iron-group nuclei The attempts to understand neutron-induced nucleosyn-
have been produced by neutron-capture reactidhsHow-  thesis require as important ingredients the knowledge of
ever, neutron-induced reactions can also be of relevance foreutron-capture rates. The influence of shell effects on neu-
abundances of some isotopes lighter than the iron-group nuron capture is one of the most interesting aspects of neutron
clei especially for neutron-rich isotopes, even though thecapture, especially since neutron capture in the vicinity of
bulk of these elements has been synthesized by chargediagic numbers is often a bottleneck in neutron-induced nu-
particle induced reactions. Examples for such neutron-ricltleosynthesis. This is the case also in neutron capture on
isotopes that are bypassed by charged-particle reactions andutron-rich isotopes close to the magic proton and neutron
produced by neutron-induced nucleosynthesis®8, *°S,  numbersz=20 andN=28, i.e., in the vicinity of the doubly
40Ar, and the calcium isotope®Ca and“®Ca[2-4]. magic nucleus*Ca. The neutron capture for nuclei in this
4€Ca is one of the nuclei for which the largest nucleosyn-mass region is also of relevance for the Ca-Ti abundance
thetic abundance differences in model calculations can banomalies occurring in certain primitive meteorif€s-11].
obtained due to the use of varying reaction rdi¢s The The low isotopic occurrence of®Ca of only 0.004% in
isotope“®Ca is ans-process nucleus produced in hydrostaticnatural calcium which is only surpassed by the 0.00138%
helium, carbon, and neon burning at temperatures of 0.presence ofHe in natural helium renders the study of the
<T¢=1.5. The nucleosynthetic abundance*®Ca is deter- “®Ca isotope difficult especially for time-of-flight neutron
mined by production and destruction through neutron captureapture measurements. Neutron capture*a(n, y)*'Ca
in the reaction chairf°Ca(n, y)*®Ca(n, y)*’Ca. The reaction has been measured previously at therfi&l] and thermo-
rate for “éCa(n, y)*’Ca has been determined previously us-nuclear energiefl3,14]. The results at thermonuclear ener-
ing a Hauser-Feshbach calculation by Wooskyal. [5]  gies are significantly different. The Maxwellian average cap-
(henceforth WHFZ. The reaction rate given by Thielemann ture cross sectioMACS) atkT=25 keV of Kgppeleret al.
et al. [6] (henceforth TAT for “6Ca(n,y)*’Ca assumes a [13] is by a factor of 2.4 larger than the value reported by
dominants-wave behavior leading to a constant rate as aMurzin [14]. In addition, the values of Murzin suggest the
function of temperature. This constant rate was then normalkexistence of a broad resonanceiCa at a neutron energy of
ized to the suggested experimental 30 keVy) cross sec- 28keV. In this work we tried to find evidence for this reso-
tion given in Ref[7]. Finally, there exists the recent Hauser- nance and to resolve the discrepancy between the previous
Feshbach reaction rate calculated by Rauscher anauthors. For this purpose we carried out measurements at the
Thielemann[8] (henceforthNoN-SMOKER) including a mod-  Karlsruhe and Thingen Van de Graaff accelerators. Quasi-
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TABLE |. Sample characteristics and decay properties of the product rti€ai and*®®Au.

Isotope  Chemical Isotopic composition Reaction Ty E, Intensity per decay
form (%) (d) (keV) (%)
46Ca CaCQ 81.36340), 1.19442), 0.38543), 10.46444), 4ca(n,y)*'Cca 4536  1297.09 M9 2
4.98746), 1.60749)
¥7au metallic 100 ¥Au(n,v)1%Au 2.69  411.8047 95.500.096

8 rom Ref.[25].

Maxwellian neutron spectra &if =25 and 52 keV were gen- and Veigele[23]. The samples of the*®CaCQ powder
erated as well as spectra very close to thi p,n) reaction  pressed to self-supporting tablets were heated to 1000 °C for
threshold with a mean energy of 30 keV. At energies aboves b, No measurable weight loss due to absorbed water was
100keV we determined thé°Ca capture cross section at ghserved. The tablets were put into a thin Al-foil. The en-
average energies of 104, 149, 180, and 215keV, respegchment was determined by a mass spectrometric analysis
tively. carried out by the Wiederaufarbeitungsanlage Karlsruhe
(WAK). In Table | the isotopic composition of thé°Ca
Il. MEASUREMENTS sample, other sample characteristics, and the decay proper-

The activation measurements in the thermonuclear enerdyeS Of the product nuclei are listed. The decay*&€a pro-
range have been carried out at the 3.75MV Van de Graaffided us with a strongy-ray line at 1297.09 keV. Unfortu-
accelerators in Karlsruhe and Bingen. Our activations were hately, the intensity per decay is known only with a relative
performed using samples with an enrichment of 5%. Thigaccuracy of 12%. It is interesting to note that in the two
was sufficient for the measurements due to the good signgrevious measuremen{d3,14 a y-ray intensity of (77
ture for the *®Ca capture events via the 1297 keMine in +2)% taken from[24] was used which in the new compi-
the 4.54d decay of#’Ca residual nucleugTable )) and due lation [25] has been revised to (749)%.
to the good background conditions in activation experiments.

A. Activation technique B. Neutron production, time-of-flight measurements

The activation technique has been described in previous Two kinds of neutron spectra for the activations were
publications[15—18. The nuclei to be investigated are irra- generated, quasi-Maxwellian averaged distributions with
diated in the neutron spectrum provided by the Van dghermal energies dkT=25 and 52 keV, respectively, using
Graaff accelerator, and the induced activity is counted afterproton energies close to the reaction threshold of the
wards off-line in the laboratory via a characterisgicline. Li(p,n) and T(p,n) reactions. For this purpose the target
The characteristic time constants of the activation are théayer has to be chosen thick enough that the energy decrease
irradiation timet,,, the counting timet;, and the waiting of the protons reaches the reaction threshold in the layer.
timet, . The y-ray activity of the sample determined with a With these conditions we produced a kinematically colli-
HPGe detector is given by mated neutron beam which is independent from the target
thickness. Using théLi(p,n) reaction and proton energies
very close to the threshold energy of 1881 keV we generated
neutron spectra practically symmetrically centered around

(2.1) 30keV but with neutron distributions between
_ 20<E,<40keV and 1ZxE,<55keV, respectivelyFig. 1).
with With these spectra we were able to investigate the width of
the “éCas-wave resonance. The spectra at 104, 149, 180, and
- ftbtb(t)exp(—kt)dt/ ftb<1>(t)dt. 214keV were generated using 2« thick Li targets and
0 0 higher proton energies.
The required proton energy conditions and the neutron
The following additional quantities have been defined;  spectra integrated over the solid angle of the sample were
Ge efficiency K, y-ray absorptionf,,, y-ray intensity per  determined in time-of-flight TOF) measurements before the
decayN, the thicknesgatoms per bamof target nucleio,,  actual activation runs using the accelerator in pulsed mode.
the capture cross sectioi(t), the neutron flux as a function The measurements were carried out under the same condi-
of time. The quantityf, is calculated from the registered flux tions as previously reportdd g].
history of a °Li glass monitor. Equatiorf2.1) contains the As the %6CaCQ, samples of 6 mm diameter to be investi-
quantity o,,. The unknown capture cross section Bca is gated are characterized by a finite thickness it is necessary to
measured relative to the well-known standard cross sectiosandwich the sample by two comparatively thin gold foils of
of %Au [19,20. the same dimensions for the determination of the effective

The efficiency determination of the 98.6% HPGe detectoneutron flux at sample position. The activities of these gold
has been reported elsewh¢d]. The y-ray absorption was foils were counted individually. The effective count rate of
calculated using tables published by Storm and Isf28]  gold was obtained from these individual rates.

t
C=eyKyf,/[l—eX[x—)\tc)]exq—)\tW)NayfbebCD(t)dt
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FIG. 1. The neutron spectra with a mean neutron energy o
30keV generated at reaction threshold of tHd(p,n) reaction.
Below the distribution between ZE <40 keV and above the dis-
tribution between 12 E, <55 keV.

IIl. ANALYSIS

A. Experimental results

Table Il gives a survey of the sample weights and the®

tge

measured*®Ca capture cross sections. The measuremen
were carried out with calcium carbonate sample masses b
tween 60 and 80 mg. In Figs. 2 and 3 the accumulatedy
intensity from two of the*®Ca activations is shown, the ac-
tivation with a neutron spectrum of mean energy
kT=25keV and a mean energy 149 keV. In @itay spectra
the relevanty line is well isolated on a low level of back-
ground counts.

The following systematic uncertainties were combined b
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where ®(E) is the normalized neutron energy distribution
and o (E) is the capture cross section at the engfgyor a
nonresonant cross sectiot{E) one would expect the same
measured cross section,, for the two neutron energy dis-
tributions at 3&:5 and 3@-10keV (see Fig. 1 However,
from the narrow energy distribution 3(b keV we obtain a
cross section which is a factor of 1.5 larger than for the
broader distribution 3610 keV. From this ratio of the two
experimental results,, at 30 keV one can directly derive
the neutron width of the resonance using E31) with o(E)
given by the Breit-Wigner formula

T r.r,

Zo—rnr 3.2
K2 (E—Ep)2+17/4 32

opw(E)=

with the wave numberk, the statistical factorw=(2J
f+1)/[(2JP+ 1)(2J++1)]=1 for swave resonances, the
resonance energlr, and the energy dependent widthis

Iy, andI', . For the neutron width at the resonance energy
Er we derive from our experimental data
I',=(17.4"39) keV. Obviously, such a broad resonance
must be answave resonancelJ{=1/2"), and the energy
dependence of the neutron width has to be taken into ac-
ount. From the Breit-Wigner formula together with the ex-
rimental neutron width',, we can additionally derive the
éadiation width of the resonance from our two measurements
at (30=5) and (30-10) keV:I',=(2.92-0.34) eV.

From the measurements using the quasithermal neutron
spectra akT=25 and 52 keV one can also derive the radia-
tion width of the resonance. However, because of the broader
energy distributions of the quasithermal spectra additional
assumptions on the behavior of the capture cross section at

yhigher energies enter into the determination. At higher ener-

quadratic error propagation, Au standard cross section: 1.53/€S @n approximate d/behavior was found experimentally

3%, Ge-detector efficiency: 2%y-ray intensity per decay:
12 % for the*'Ca and 0.1 % for thé®®Au decay, divergence
of neutron beam: 2-5 %, factdp: <0.5 %, sample weight:
<0.5%.

B. Parameterization of the cross section

In the work of Murzin[14] average capture cross sections

from the measurements at 1620, 149+ 20, 180+ 20, and
215+ 23 keV. We have extrapolated thisylbehavior down

to lower energies until 44 keV where the resonant cross sec-
tion exceeds the &/extrapolation neglecting interference ef-
fects (see Fig. 4 Note that the unphysical discontinuity
above the 28.4keV resonance at 44 keV has only minor in-
fluence on the astrophysical reaction rate, and that there is no
discontinuity below the 28.4 keV resonan¢see also Sec.

have been measured at the reactor with filtered neutrofil C). In the vicinity of the resonance we used a pure Breit-

beams, the resolution of the energy spectra used lies betwe
+0.5 and+ 12.5keV(Fig. 4). His data suggest the existence

®ligner cross section. Again using E®.1) and a Maxwell-
ian neutron energy distributio® (E) we obtainI’,=(1.88

of a broad s-wave resonance. With his data points from-0.33) eV from the MAC value akT=25keV andl’,
17eV to 45keV and the thermal cross section of (0.74=(2.4=1.0) eV from the MAC value akT=52keV. The
*+0.07) b[12] included he obtained for the resonance energyweighted average of our three experimenkg) values is

Ep and the neutron and radiation widthg andI", the val-
ues (28.41.6) keV, (17.71.7)keV, and (1.40.2) eV,
respectively.

(2.4+0.3) eV. Our final resonance parameters fordireave
resonance are theli,=28.4keV,T,=(17.4"39 keV, and
I',=(2.4x0.3) eV.

The existence of the 28 keV resonance is confirmed by "The small discrepancy between the, values can be
our two measurements at energies around 30 keV. In genergdartly caused by the uncertainty of the extrapolatedctbss

the measured capture cross section is given by

Texp= f ®(E)o(E)dE, (3.)

section from the higher energy region. A better description
of the higher energy region would require more detailed
knowledge of the higher-lying resonances*itCa above the
4€Ca+ n threshold which is not available.
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TABLE Il. Sample weights and experiment#iCa capture cross sections at thermonuclear energies.

Mean neutron Mass of Au Mass of Mass of Au o, Uncertainty
energy back side CaGO front side (mby) statistical total
(keV) (mg) (mg) (mg) (%) (%)
kT=25 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 4.580.59

30£5 15.665 75.298 15.530 14.537 2.5 13.7
15.748 74.450 15.872 12.131 11 12.8
15.967 77.767 15.976 13.034 11 12.8
16.697 79.645 16.693 22.997 7.1 14.6

Average 12.721.62

3010 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 8.631.10

kT=52 16.270 59.611 16.263 3.13 19.70 23.8
Average 3.130.74

104+ 20 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 1.520.20

149+ 20 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 1.190.16

18020 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 1.050.14

215+23 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 1.1%0.14

C. The thermal capture cross section D. Determination of the Maxwellian average capture cross

Because of the known energy dependence of the neutron section and the stellar rate factor

width I",, the thermal capture cross section can be calculated . : 47
from the broads-wave resonance using E¢B.2), and one The obtained Maxwellian averagéiﬁCa(n,y) Ca cross

obtains a thermal capture cross section of 1.315 b. This resufection determined from our experimental data including the
is higher than the measured value from literature. Howevern€asured MAC cross sections kT=25 and 52keV is
one must keep in mind that destructive interference of thighown by the solid line in Fig. 5. Our 30 keV experimental
resonance Capture with a diregtwvave Capture Component data served to determine the width of thevave resonance
can reduce this thermal resonance capture. A simple estima@ 28.4 keV first suggested by Murzin. The experimental data
shows that a direct capture contribution of only 0.082 b isabove 100keV were fitted assuming a Xénergy depen-
sufficient in order to obtain the experimental thermal valuedence of the cross section. With the above parameters the
of (0.74+0.07) b[12]. There is also some experimental evi- MACS and the stellar rate factor were calculated and are
dence for the destructive interference between the broadiven in Table Il and shown in Figs. 5 and 6, respectively.
resonance at the direct capture at low energies: Murzin’s datim Table Il we also show separately the contributions to the
point at 2keV is lower than the 12 keV point, whereas thereaction rate factor for the-wave resonance at 28.4 keV as
Breit-Wigner cross section is higher at 2 keV than at 12 keVwell as for the 14 part of the data above 44 keV where the
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FIG. 2. Accumulated intensities of th&Ca and'%Au y-ray
decay lines from the activation with the 75.298 mg CaGample FIG. 4. Comparison of the experimental neutron capture cross
sandwiched by two Au foils using a neutron spectrum with a mearsection of“6Ca with previous results. The data of Mur4ib4] are
energy ofk T=25keV. connected by a dashed line as eyeguide. The values have been

measured at the reactor with filtered neutron beams, the FWHM of
1/v extrapolation from higher energies exceeds the resonatite energy spectra lies between 1 and 25 keV, e.g. ;1445 keV.

contribution from the 28 keV resonance. The solid circles are the average cross sections of this work. The
The stellar rate factor can be fitted by the following ana-solid line is a determination of th&Ca capture cross section from
lytic expression: our experimental data including the measured MAC cross sections

atkT=25 and 52 keV, respectively. Our 30 keV average cross sec-
tions served to determine the width of tlsevave resonance at
. (3.3 28.4 keV first suggested by Murzin. The experimental data above
100 keV were fitted assuming avlénergy dependence of the cross
section. The short-dashed line shows the contribution of the
28.4 keV resonance.

Er
+a3eX _k_T

By fitting Eq. (3.3 to the obtained total stellar rate factor
given in the last column of Table Ill we obtain the following

set of parameters for the analytic fita;=0.279 ) )
x10°cmBs I mole L, a,=23.2keV, az=0.41 richment, e.g., 5% as in our measurements. The results of

4
; 46, .
x10Pcrs 'mole !, and m=—1.395. The analytic ex- Previous Ca neutron capture measurements in the thermo-
nuclear energy region are also activation measurements but
a\Hith discrepant results. To try to solve the discrepancies be-
dween these two measuremefit8,14 represented one mo-

@2
(ov)= ang"eX[< T

pression given in Eq.3.3) with the above parameters repro-
duces the stellar rate factor for all temperatures by less th
1.3 % in the astrophysically interesting temperature range b
tweenT=2x10° K and T=2x10° K.

—_
(=3

E. Comparison with previous results TE; or 7
S gl il
As “Ca is very rare in naturénatural enrichment only & °
0.004% it has not yet been investigated by the usual time- % Ll ]
of-flight techniques. It is the advantage of the activation £ 6r 1
method that due to its high sensitivity and selectivity mea- (E/_j 5k .
surements are still possible with small samples of low en- X
O 4l
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FIG. 5. A comparison of the experimental MAC cross sections
from our measurements and from previous work is shown. The
solid line with the shaded area represents the final MAC cross sec-
tion and its X uncertainty determined from all our measured cap-
ture cross sections. The two solid circles are our directly measured
10! . . . . . . MAC cross sections &kT=25 and 52 keV. The open square is the
001000 1800 NNEL NUMBER e 00 4000 MAC cross section measured by jgeler et al. [13]. The open

circles are the MAC cross sectionskaE= 25 and 30 keV reported

FIG. 3. Accumulated intensities of th&Ca and'%Au y-ray by Murzin [14]. Note that the values from previous measurements
decay lines from the activation with the 74.450 mg Ca®ample  have been corrected taking into account the change in the intensity
sandwiched by two Au foils using a neutron spectrum with a mearper decay for the 1297 keV'Ca y line from 1,=77+2% tol,
energy of 149 keV. =74+x9% [25].
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TABLE lIl. The “6Ca Maxwellian averaged captuidAC) cross section and stellar reaction rate between
1 and 250 keV. The reaction rate contribution from the 28.4 keV resonance ana tharfLAbove 44 keV are
specified, too. The uncertainty is estimated to be 12.5%.

kT (ov)lvy Stellar rate factoNa(o v)
(keV) (mbarn (cmmol™ s
Resonance part d/part Total
1.00 7.460% 10° 1.9865< 10° 5.6428<107 13 1.9865< 10°
2.00 6.041410° 2.2748<10° 9.3007x 104 2.2748<10°
3.00 5.847x 10° 2.6964x 10° 1.0142x<10° 2.6964x 10°
4.00 6.142% 10° 3.2707x 10° 3.2258< 10! 3.2710<10°
5.00 6.6225%10° 3.9402<10° 2.5167 102 3.9427 10°
6.00 7.100x 10° 4.6209< 10° 9.7656x 10° 4.6306x< 10°
7.00 7.4856¢10° 5.2476<10° 2.5482<10° 5.2731x10°
8.00 7.751x 10° 5.7851x 10° 5.1960< 10° 5.8371x10°
10.00 7.954%10° 6.5582<10° 1.3905x 10* 6.6972<10°
12.00 7.8485% 10° 6.9739<10° 2.6496<10* 7.2388<10°
15.00 7.4006¢ 10° 7.1325¢10° 4.9828< 10* 7.6308< 10°
18.00 6.834610° 6.9688< 10° 7.5163x 10* 7.7205< 10°
20.00 6.4556¢10° 6.7673<10° 9.1952< 10* 7.6868< 10°
22.00 6.093% 10° 6.5285< 10° 1.0818x10° 7.6103x 10°
25.00 5.5976 10° 6.1405< 10° 1.3105< 10° 7.4511x 10°
27.00 5.298% 10° 5.8783< 10° 1.4519<10° 7.3302x10°
30.00 4.897% 10° 5.4953x 10° 1.6468<10° 7.1421x 10°
35.00 4.3406 10° 4.9072x 10° 1.9290< 10° 6.8362<10°
40.00 3.894x10° 4.3929 10° 2.1646<10° 6.5575<10°
45.00 3.533%10° 3.9496x 10° 2.3618x10° 6.3114x 10°
50.00 3.238%10° 3.5688< 10° 2.5280x 10° 6.0968< 10°
52.00 3.134%10° 3.4318<10° 2.5871x 10° 6.0189< 10°
55.00 2.993% 10° 3.2409< 10° 2.6691x 10° 5.9100< 10°
60.00 2.786% 10° 2.9575<10° 2.7897x 10° 5.7473 10°
65.00 2.611x10° 2.7113<10° 2.8938x 10° 5.6050< 10°
70.00 2.460k 10° 2.4961x 10° 2.9841x10° 5.4802x 10°
80.00 2.214%10° 2.1402< 10° 3.1324x10° 5.2726x< 10°
90.00 2.022%10° 1.8599< 10° 3.2482<10° 5.1082<10°
100.00 1.868% 10° 1.6350x 10° 3.3403< 10° 4.9754<10°
110.00 1.742810° 1.4515x 10° 3.4144x10° 4.8662<10°
120.00 1.637x10° 1.2995x 10° 3.4746<10° 4.7747x10°
150.00 1.400& 10° 9.7174x10* 3.5940< 10° 4.5678<10°
180.00 1.235% 10° 7.6133<10* 3.6478<10° 4.4140<10°
200.00 1.148310° 6.5971x 10* 3.6568< 10° 4.3237x 10°
250.00 9.761& 1071 4.8479% 10* 3.6108x10° 4.1095x< 10°

tivation of the present experiment. In the approach opKa MAC capture cross sections =25 and 52 keV and neu-
peleret al.[13] a Maxwellian averaged capture cross sectiontron spectra to analyze the suggestedave resonance at
was measured directly akT=25keV using the quasi- 28.4keV. Our average cross sections proved to be systemati-
Maxwellian neutron spectrum from thé&Li( p,n) reaction. cally higher than the results of Murzifi4] (Fig. 4). This

The measured MAC cross section at 25keV wastendency is also confirmed by our calculated MAC cross
(6.5=0.5) mb. In the work of Murzif{14] the Maxwellian  section of 5.6:0.7 mb atkT=25 keV (taking into account
average capture cross section has been calculated from vall our experimental data as described in Secs. 1l B and
ues measured at the reactor with filtered neutron beams. Thil D) which is also higher than Murzin'§14] respective
result was (2.7 0.4) mb and turned out to be smaller by a calculated result but slightly lower than ppeler et al’s
factor of 2.4 than the respective MAC cross section valud13] value (Fig. 5).

reported by Kapeler et al. [13] and induced Murzin to In Fig. 6 our new different stellar reaction rate factors are
speculate about narrow-wave resonances in the energy compared to previous results. The curves WHFZ aoad-
range missed in his measurement and therefore not taken inefMOKER refer to Hauser-Feshbach calculations given in Refs.
account in his calculation of the MAC cross section. In the[5,8], whereas for the TAT curve[6] a temperature-
present work we had used the methods of both previous inhdependent reaction rate factor is assumed that was normal-
vestigations, i.e., neutron spectra which lead directly tdzed to the experimental MACS at 30ke\7]. As can be
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— rates is practically only due to the production reaction rate
on-smoker 4Ca(n,y)*®Ca. Our new reaction rate factors for the reac-
tion “%Ca(n,y)*'Ca leading to the destruction dfCa is at
To~1 about a factor 1.5 smaller than the one used in Ref.
[4]. This leads to an enhancement of the nucleosynthetic
abundance of®Ca for our new stellar reaction rate factor by
about the same amount.
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IV. CONCLUSIONS

The “6Ca neutron capture cross section in the thermo-
nuclear energy region is dominated bg-@ave resonance at
28.4keV. The thermal capture cross section is due to this
0 s s s s resonance chiefly resonance capture, too. Only a very small

* TEMPERATURE KT (keV) direct contribution of 0.082 b is sufficient to generate by
destructive interference the measured thermal capture cross

FIG. 6. A comparison of our new stellar reaction rate factorsection. For further investigations it would be of great im-
(solid curve for **Ca(n,y)*'Ca with previous determinations. The portance to measure the intensity per deday of the
labels WHFZ(dotted curvg and NON-SMOKER (dash-dotted curye 1297 keVy-ray line in the*’Ca decay to a higher precision.
refer to Hauser-Feshbach calculations, whereas for the TAT curv@he 12% relative uncertainty df, is presently the dominat-
(dashed ling a temperature-independent reaction rate factor is asing uncertainty in the measurements.
sumed that was normalized to pjgeler's MACS at 30 keV. Our new reaction rate factor fo‘f‘GCa(n,'y)“Ca shows,
contrary to previous determinations, a much stronger tem-

seen from this figure, contrary to the previous determinationg€rature dependence due to a resorsamave contribution.
where there was no or only a small temperature dependenc%?”h,ermore' it is smaller than previous determmauons of the
our new reaction rate factor shows a much stronger temperggl(_aactlon_rate that have' been normalized tp the experimental
ture dependence. This is due to the effect of¢heave reso- Maxwellian cross section at 30kel7]. This leads to an
nance at 28.4 keV. enhanced nucleosynthetic abundancé®fa by about a fac-

It is interesting that at the astrophysically relevant tem-tor 1.5 compared to the values given in Rpef].
peratures of 0&Ty=<1.5 for hydrostatic helium, carbon,
and neon burning the differences between the Hauser-
Feshbach calculations WFHZ aRdN-SMOKERand our new We thank to A. Murzin for his cooperation in providing
reaction rate factor are not large, even though the temperars with the*®Ca results of his Ph.D. thesis. The interest and
ture dependence is quite different, e.g.,Tat=1, WFHZ:  support of Professor G. J. Wagner, Univetsifalbingen,
5.3x10°cm®s 'mole”!; TAT: 7.9x10°cm®s 'mole !;  and the provision of a 100% HPGe detector from Institut fu
NON-SMOKER 4.7x10°cm®s 'mole™*; this work: 5.2  Strahlenphysik, UniversitaStuttgart, for the experiment is
X 10° cn®s™* mole™ . However, at lower or higher tempera- gratefully acknowledged. We would like to thank the techni-
tures the differences get larger due to the stronger temperatans of the Van de Graaff accelerators, G. Rupp and M.
ture dependence of our reaction rate factor. Brandt, and the Karlsruhe Van de Graaff staff members E.P.

The final stellar supernova yields for a 1M, star Knaetsch, D. Roller, and W. Seith for their help and support
evolved from the main sequence has been calculated in Redf the experiment especially in the preparation of the metal-
[4] using the WHFZ as well as the TAT rates. However, inlic Li targets. We are grateful to T. Rauscher for providing
this work the both the TAT rate and WFHZ rate for the NON-SMOKERreaction rates from his reaction library. We
46Ca(n,y)*'Ca have been normalized to the experimentalthank the Fonds zur Fderung der wissenschaftlichen Fors-
MACS at 30keV[7] giving a stellar reaction rate factor at chung in Gterreich(Project No. S7307-ASJT the Deutsche
To~1 of 7.9x10° and 7.8<10°cm’s ‘mole !, respec- ForschungsgemeinschafbFG) (Project No. Mo739/1-),
tively. The difference calculated for the nucleosyntheticand Volkswagen-StiftungNo. Az: 1/72286 for their sup-
abundance of®Ca in Ref.[4] using the TAT and the WFHZ port.
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