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Stellar neutron capture cross sections of the tin isotopes
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The neutron capture cross sections'disn, 1155n, 1165n, 1175n, 1185, and?%Sn were measured in the
energy range from 3 to 225 keV at the Karlsruhe 3.75 MV Van de Graaff accelerator. Neutrons were produced
via the “Li( p,n)” Be reaction using a pulsed proton beam. Capture events were registered with the Karlsruhe
47 barium fluoride detector. The experiment was complicated by the smal) (cross sections of the proton
magic tin isotopes and by the comparably low enrichment of the rare isotdf@s and'!°Sn. Despite
significant corrections for capture of scattered neutrons and for isotopic impurities, the high efficiency and the
spectroscopic quality of the BaFdetector allowed the determination of the cross-section ratios with overall
uncertainties of 1-2 %, five times smaller compared to existing data. Based on these results, Maxwellian
averaged 1, y) cross sections were calculated for thermal energies betlwE&erl0 and 100 keV. These data
are used for a discussion of the solar tin abundance and for an improved determination of the ssaapic
r-process componentsS0556-28136)01509-9

PACS numbgs): 25.40.Lw, 26.20+f, 27.60+], 98.80.Ft

[. INTRODUCTION recent experimental results for the level scheme of this iso-
tope, showed that only 17% of the obsern/édin abundance,
The isotopic abundances in the Cd-In-Sn region are cha8% of *Sn, and~50% of '°Sn can be explained by a
acterized by a rather complicated mixture of contributionscombined analysis of the andr processes. To attribute the
from various processes of nucleosynthésis Figure 1 illus- remaining fraction to the process is problematic, however,
trates the two main mechanisms, the slow and rapid neutroat least for the odd isotopes, which are not produced in due
capture processes. The reaction flow of shrocess follows —amounts by recerp-process calculation,3].
the sequence of stable isotopes on a time scale of typically a The aim of the present experiment was to improve this
few months, slow compared to averggelecays. The dotted situation by an accurate determination of the stellar cross
arrows indicate the end of the decay chains from the vengections of the tin isotopes, an essential prerequisite for de-
neutron rich nuclei produced by rapid neutron captures iriailed s-process analyses. Apart from the puzzling origin of
supernova explosions. Both contributions are difficult to de-'*3in and !°Sn, there is a general interest in an accurate
scribe due to the numerous isomers in this mass region. A®Sn cross section. Since thisonly isotope is presumably
third contribution comes from thp process. During explo-
sive Ne/O burning material is exposed to such high tempera-
tures and densities that photon-inducedn) and (y,p) re-
actions can produce the small abundances of the proton rich
nuclei[2,3].
Since only even isotopes can survive the pegprocess

117sn 118Sn

environment it was suggested thidfin and *°Sn owe their vt l ol e B

existence to the long-lived isomers indicated in Fig45]. Ilﬂ o 2 g s N
Though shielded from the magandr processes, they could \
be reached by the weak isomeric links'&tCd and**¥n that sprocess

can be fed by thes-process neutron captures as well as by
ther-processB decays.
A detailed study[1] of the branching at'3Cd, based on

r—process

FIG. 1. Possibles- andr-process paths in the Cd-In-Sn region.
Only temperature-independent branchings are indicatSdlid
* Author to whom correspondence should be addressed. lines, s-process path; dashed lines, pogirocessB decays.

0556-2813/96/5@)/1451(12)/$10.00 54 1451 © 1996 The American Physical Society



1452 K. WISSHAK et al. 54

not affected by branchings, it could be used for normalizing TABLE I. Sample characteristics.

the (o)N curve, similar to the previously measurééfTe

[6] and *°°%Sm[7]. In addition, the complete data set allows Thickness Wei o

Lo - eight  Neutron binding

for a determlnatlon of the apundances of all tin isotopes Samplé  (mm) (102 aybP © energy(MeV)

and for an improved separation of teeandr-process com-

ponents in this mass region. 1gf 2.8 10.2780 7.529 6.944
The previous information on the tin cross sections in thegraphite 1.4 11.9881 0.909

keV region originated mainly from a comprehensive study ofll4gn 1.0 3.5616 2.589 7.546

Timokhov et al. [8]. These data were determined for most 1155 0.3 1.0303 0.755 9.562

stable isotopes with typical uncertainties of 5—8 %. In gen-1975, 0.25 1.5048 1.871 6.513

eral, the results were found to agree fairly well with older 117y, 0.39 1.2434 0.919 9.326

cross sectionf9—11], except for'?°Sn, where a 20% lower 1155, 1.8 6.3581 4.737 6.484

value was reported from an activation experiméi®]. Since gty

all differential data were restricted to the neutron energyizog, 3.7 13.5715 10.280 6.171

range above 20 keV, reliable stellar cross sections could only

be calculated for thermal energies larger than=30 kev,  **°Srf 0.90 3.3404 2.447 6.944

whereas stellar model calculations require these data als_ﬁ” sarmolos are 22 mm in diameter
aroundkT=10 keV[13,14. P '

b v _ .
Therefore, it was the aim of the present experiment tqﬁzggqnsﬁﬂzlisésgn; of all Sn isotopes.
extend the investigated neutron energy range from 3 thse din run 2 ’
225keV and to reduce the cross section uncertainties to '
~ 1% by using the Karlsruhem BaF, detector for registra- via the ’Li( p,n) "Be reaction using the pulsed proton beam
tion of capture events. Two complications had to be faced irvf the Karlsruhe 3.75-MV Van de Graaff accelerator. The
this work. neutron energy was determined by TOF, the samples being
(i) The cross sections of the even isotopes are rather smalicated at a flight path of 78.6 cm. Capture events were reg-
because of the closed proton shellzat50. In fact, "%Sn jstered with the Karlsruhe BaF, detector via the prompt
exhibits the smallest cross section measured with th@apturey-ray cascades. This detector consists of 42 hexago-
Karlsruhe 4r BaF, detector up to now. Correspondingly, the nal and pentagonal crystals forming a spherical Bsifrell of
unfavorable cross section ratio for neutron scattering ands cm thickness and 20 cm inner diameter. It is characterized
capture gives rise to large corrections for scattered neutrongy a resolution iny-ray energy of 7% at 2.5 MeV, a time
that are captured in the detector itself. resolution of 500 ps, and a peak efficiency of 90% at 1 MeV
. (i) Due to the low natural abundances ot'Sn and  (for a comprehensive description see REE9)). In the
5Sn, the available samples were only enriched to 70% angresent experiment the-ray threshold in the sum energy
45% in these isotopes, respectively, resulting in large correcspectrum could be reduced to 1.6 MeV, resulting in a detec-
tions for isotopic impurities. tion efficiency of~97% for the even ane-99% for the odd
While these problems are difficult to handle with conven-jsotopes(see Sec. Il
tional time of flight(TOF) methods, the present setup is well  The experiment was divided into three runs, two with the
suited for treating both corrections properly. This was demonventional data acquisition technique with the detector op-
onstrated for the more extreme example of the barium isograted as a calorimeter and one with the analog-to-digital
topes[15], where the background due to capture of scattere@onverter system for obtaining more detailed spectroscopic
neutrons was even larger, and of the gadolinium isotopefmformation. Sample disks of 22 mm diameter were pressed
[16], where the corrections for isotopic impurities were alsofrom isotopically enriched metal powder. The relevant pa-

larger than in the present case. - rameters of the samples are compiled in Table I. In addition
The experlmgnt and_ data anaIyS|s _are described in SeCS-.tB the six tin Samp|es’ a go|d Samp|e, a graphite Samp|e, and
and Ill. The differential cross sections are presented imn empty position in the sample ladder were used in all runs.

Sec. |V, the uncertainties are discussed in Sec. V, and thA Second, three times th|nné|16$n Samp|e was prepared in
detel’mina’[ion Of the Ste||al’ Cross SeCtionS fO||OWS in Sec. Vlorder to check the corrections for neutron mu|t|p|e Scattering
The aStrOphySical implications will be addressed in Sec. V“and Se|f-shie|ding effects. The isotopic Compositions pro-
A detailed description of the present experiment, includingyided by the supplier are listed in Table Il. As already
data evaluation methods, calculation of correction factorspointed out, the enrichments iH“Sn and°Sn of 70.2%
and presentation of the results from individual runs, can bend 45.3% are comparably low.
found in Ref.[17]. The astrophysical implications have been  The neutron transmissions of the samples are generally
addressed in Ref18]. larger than 95% except for the thick®Sn and the'?’Sn
samples. Normalization of the spectra to equal neutron flux
was performed for all samples by means dlLaglass moni-
tor located close to the neutron target. The spectra measured
The neutron capture cross sections of the tin isotopewith a second®Li-glass detector at a flight path of 260 cm
114-118 and 120 have been measured in the energy rangere used for a rough determination of the total cross sec-
from 3 to 225 keV using gold as a standard. Since the extions. Though the accuracy of this method is inferior to that
perimental method has been published in d¢&if,19,20,a  obtained in a dedicated experiment as performed by
brief description will suffice here. Neutrons were producedTimokhov et al. [8], the derived total cross sections can be

Il. EXPERIMENT
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TABLE II. Isotopic composition(%).

Isotope
Sample 2sn  4gpn 55 16gn g &g 1195 1205 12257 124gp
L4gn 0.26 70.2 0.50 10.23 2.40 6.39 194 6.68 0.66 0.74
1550 0.11 0.57 45.3 33.27 5.21 6.83 1.85 5.68 0.56 0.62

118gn <0.03 0.01 0.04 97.6 0.69 096 0.16 0.47 0.03 0.04
1175n <0.01 <0.01 <0.01 0.84 921 581 0.39 0.76 0.05 0.05
1183n <0.06 <0.03 <0.06 0.07 0.14 985 0.78 0.51 <0.04 <0.04
1205 <0.01 <0.01 <0.01 0.04 0.03 0.18 0.09 99.6 0.03 0.03

used to test the normalization to equal neutron iBec. I1I). isotopic impurities. Therefore, a 36% uncertainty had to be
The samples were moved cyclically into the measuringallowed for the'%Sn sample, wheré'®Sn contributes only

position by a computer controlled sample changer. The datB0% of the total cross section, though it had the same trans-

acquisition time per sample was about 10 min, a completenission as the''’Sn sample.

cycle lasting about 2 h. From each event, a 64-bit word was The data of Timokhowet al.[8], which were obtained in a

recorded on magnetic tape containing the sum energy angedicated experiment using thick samples with transmissions

TOF information together with 42 bits identifying those de- hetween 60% and 80%, exhibit uncertainties of 0.8—1.4 %.

tector modules that contributed. During the 78 days of datqyjthin the accuracy of the present experiment, there is good
collection, the overall recorded information was 27 Ghyte. agreement for'4sn, 1155n, 117Sn, and!2%Sn, whereas our

results for 1*%sn and 1'®Sn are higher by 12—15%. This
comparison confirms that the present uncertainties were es-
A. Total cross sections timated realistically, in particular since the uncertainties of
The total cross sections of the tin isotopes were deter‘_l’imokhovet al.[8] might have been underestimated for low
. . P -_neutron energies due to the poorer statistics in this part of the
mined in the neutron energy range from 10 to 200 keV V'aspectrum
the TOF spectra measured with tiei gIa;s detector at a The present setup allows one to measure the total cross
flight path of 260 cm. The total cross sections and the relategection With uncertainties between 2% and ~20% for
uncertainties were obtained as described in Rifand are sample transmissions between 0.92% and 0.99%, respec-
gStreedevas?felI(;'a-{:?rgﬂuﬁ]seqgﬁ:f:\gg;:gg %;ébg rEzsl"’impk'i:ively. These results provide an independent confirmation of
gre - J . the accuracy obtained in normalizing the spectra of the indi-
within = 3.0%, similar to the results reported in REf]. The

uncertainties were again calculated with the assumption thziltlduaI samples to equal neutron flux since they require the

: ; . Uncertainty of this normalization to be less than 0.2%.

they are inversely proportional to the fraction of neutrons

interacting in the sampl&=1—T, whereT is the transmis- )

sion. For the carbon sample this fraction was5.4% and B. Capture cross sections

an uncertainty of 3% was estimated from the comparison The data analysis was carried out in analogy to the pro-
with the JEF data. Correspondingly, t#e=0.9% of the cedure described previoudl$,7,20. All events were sorted
117sn sample yields an uncertainty of 18% for the total crossnto two-dimensional spectra containing 128 sum energy ver-
section. For the samples with low enrichment, the uncersus 2048 TOF channels according to various event multi-
tainty was attributed to the main isotope after correction fomplicities (evaluation 1. In evaluation 2, this procedure was

Ill. DATA ANALYSIS

TABLE Ill. Measured total cross sectior{sletermined from the count rate of tHfiti glass neutron
monitor at 260 cm flight padh

Total cross sectioifb)
Neutron energy

(keV) L4gn 11550 11650 175n 1185 120gn 2c 97y
10-15 7.32 9.19 6.32 9.09 5.78 5.28 5.13 19.4
15-20 6.07 9.00 6.69 6.73 5.47 5.58 4.64 13.5
20-30 7.26 10.2 6.59 7.08 5.72 5.69 4.93 14.1
30-40 7.54 9.06 7.23 7.93 6.13 5.31 4.90 14.3
40-60 6.55 8.74 6.71 6.55 5.70 5.58 4.70 12.2
60-80 6.92 7.61 6.90 7.18 6.23 6.01 4.58 11.1
80-100 7.07 8.19 6.68 7.56 6.43 5.86 4.59 10.5
100-150 7.39 12.2 7.21 7.47 6.46 6.17 4.38 10.8
150-200 6.70 8.08 6.13 6.79 6.94 6.83 4.14 9.6

Uncertainty 9.2% 36% 2.6% 18% 4.2% 2.1% 3.0% 8.5%
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repeated by rejecting those events, where only neighboringy a shape analysis program. But whether the stellar cross
detector modules contributed to the sum energy signal. Witlsections are determined simply by averaging the observed
this option, background from the natural radioactivity of theyield or by using the resonance parameters should be of mi-
BaF, crystals and from scattered neutrons can be reducedor importance, similar to the example &Ba[23].

The spectra of all samples were normalized to equal neutron After subtraction of the background from scattered neu-
flux using the count rate of théLi-glass monitor near the trons, the TOF spectra of Fig. 2 were used to determine the
target. cross-section shape. For normalization, the two-dimensional

In further steps of data analysis sample-independent backlata were projected onto the sum energy axis using the TOF
grounds were removed and corrections for isotopic impurif€gion of optimum signal to background ratio as indicated in
ties and capture of sample scattered neutrons applied. Sin€#d- 2 by dashed boxes. The resulting pulse height spectrum
experimental data existed only for the six investigated isoof the °Sn sample is shown in Fig. 3. The threshold in sum
topes, the missing TOF spectra 8fSn and*'°Sn were ap- €nergy could be lowered to 1.6 MeV by replacing the crys-
proximated by the spectra df“Sn and*'’Sn, respectively, tals with the highest radium impurities. The corresponding
whereas thé'?°Sn spectrum was used to mimic the effect of Spectra for the other samples can be found in REf].

1221245 according to the very similar binding energies of In Fig. 4 the sum energy spectra &°Sn are shown for

the corresponding isotopes. The abundances of these fodiferent multiplicities of the capture-ray cascade accord-
impurity isotopes were scaled by factors of 1.54, 0.63, 0.92ing to the number of detector modules contributing per
and 0.44, in order to account for the proper cross Sectioﬁvent. The true mUltlpllCltleS are Sl|ght|y smaller than these
ratios, which were adopted from the work of Timokhetval. experimental values because of cross talking effects. In the
[8]. This simplified treatment was justified by the small €ven isotopes, 25-40% of the capture events are observed
abundances of these |mpu|’|ty isotopes, which were a|Way§I|th mU|t|p|lC|t|eS =5, while this fraction is about 60% in
less than 2%for details see Ref§7] and[17]). the odd isotopes. The arrows in Fig. 4 indicate the range of

The resulting corrections for isotopic impurities were SUum energy channels that were integrated to obtain the TOF
much smaller than for the gadolinium isotodd$], where  spectra of Fig. 2 for determining the cross-section shape. The
up to 50% of the measured events had to be subtracted. pPserved multiplicities exhibit a systematic trend as the neu-
the present analysis, the largest corrections of about 20940n number approaches the shell closuréat82. For the
were required for'*“Sn and*°Sn, while they were less than €ven isotopes, the fraction of capture events with multiplicity
2% for all other isotopes. one increases from 4.8% to 5.3%, and 10.3%, reaching a

The large ratios of total and capture cross sections of theemarkable extreme of 14% fdf°Sn[17].
tin isotopes gave rise to significant corrections for capture of The cross section ratio of isotope X relative to the gold
sample scattered neutrons, which were determined in thgtandard is given by
same way as described previou§R]. For the even tin iso-
topes, thii correction coupld be e\gluated without problems. 7i(X) - Zi(X) 2Z(Au) ZE(X) m(Au)

For the 11°%5n and'’Sn, however, the binding energies of oi(Au) ~ Zi(Au) TZ(X) SE(Au) m(X) b ¥
9.5 and 9.3 MeV were larger than those of the odd barium

isotopes of the scintillator. Therefore, true capture events

were obscured in the-ray spectrum by capture events due In this expression/Z; is the count rate in channelof the

to scattered neutrons. Accordingly, the scattering correctio OF spectrumXZ is the TOF rate integrated over the inter-
had to be normalized via the weaker signature of the evewmal used for normalizatiofFig. 2), > E is the total count rate
barium isotopes as described in Ri#], resulting in a cor- in the sum energy spectrum for all multiplicities summed
respondingly larger uncertainty. This is particularly critical over the normalization intervdFig. 3), andm is the sample
for 1°Sn where the low sample mass and the comparablthickness in atoms/b. The factdt,=[100—f(Au)]/[100—-
large correction for isotopic impurities give rise to a reducedf (X)] corrects for the fraction of capture everitbelow the
statistical accuracy. In turn, this limitation made it difficult to experimental threshold in sum energy, whreefers to the
determine the scattering correction for th&®Sn below 10 respective tin sampléTable IV) and F, is the ratio of the
keV neutron energy. multiple scattering and self-shielding correctidi@ble V).

The resulting corrections for scattered neutrons are in- The fraction of unobserved capture evehtand the cor-
cluded in the TOF spectra of Fig. 2. Compared to the correrection factorF; were calculated as described in detail in
sponding spectra for the barium isotog@g], the signal to  Ref.[20]. The required input for this calculation are the in-
background ratio is significantly better in the present casedividual neutron capture cascades and their relative contribu-
although the capture cross section BPSn is almost two tions to the total capture cross section as well as the detector
times smaller than those of*®Ba and *Ba. This back- efficiency for monoenergetig rays in the energy range up to
ground reduction illustrates the advantage of the metallic till0 MeV. Capture cascades and captyreay spectra of the
samples over the carbonate that had to be used in the bariuimvolved isotopes were calculated according to the statistical
experiment. At 10 keV neutron energy, for example, the sigand optical model§24] as in the previous measurements
nal to background ratio fot?°Sn is better by factors of 5 and with the 47 BaF, detector[6,7,29. The calculations are
10 compared t0**Ba and 1*Ba, respectively. based on the Hauser-Feshbach approach. In contrast to the

Figure 2 shows that individual resonances could be rebarium experimenf22], where the fraction of cascades with
solved up to 20 keV neutron energy in the spectra ofmultiplicity 1 was well reproduced, the calculated values for
1165, 1183n, and 12%Sn. The corresponding resonance pa-the even tin isotopes are lower by a factor of 2 compared to
rameters will also be extracted from this part of the spectrdhe experimental results. This indicates either a strong

@
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FIG. 2. TOF spectra measured with the tin samples in run 3 with 100 keV maximum neutron energy. The background due to sample
scattered neutrons is shown separately. The region used for the absolute normalization of the cross section is indicated by hatched boxes.

nuclear structure effect or a significant contribution from thecomplementaryy ray is registered in the germanium detec-

direct capture channel. Details of the calculations are givemor. With seven p,y) resonances and &iY source, the line

in Ref.[17]. shapes of 20y transitions in the energy range from 0.843 to
The efficiency of the & BaF, detector was determined 8.392 MeV could be determined. These data were used in the

experimentally{25] by measuring the response for monoen-calculation of the spectrum fractiorisand of the correction

ergetic y rays produced by, y) reactions on thin®®Mg,  factorsF, given in Table IV.

305, and %S targets. In these reactions, certain proton reso- It is important to note that the lower threshold of 1.6 MeV

nances decay predominantly by cascades with only two trarresulted in a significantly improved detector efficiency.

sitions. By replacing one of the BaFmodules with a Ge While in previous measuremeritg,22] the fraction of unob-

detector, two-dimensional coincidence specEa(Ge) ver-  served capture events for the even isotopes was typically

sus E,(BaF,), were recorded. The response of the 4 6-7 %, values of 2—4 % could now be reached.

BaF, detector for monoenergetig rays was then obtained The correction for neutron multiple scattering and self-

by selecting those events, where the full energy of theshielding was calculated with trsEsHcode[26]. Apart from
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TABLE IV. Fraction of undetected capture evefit€) and the

I 1 related correction factorB; (solid angle 94%;y-ray threshold 50
_rsaotf 119Sn(ny) 694 eV 1 kew.
[}
% Threshold in sum energiMeV)
% 104101 ] 15 1.6 2.0
@ f(Au) 3.56 5.28
3 of ] f(*sn) 2.06 3.28
g 800" rHRESHOLD T f(M5sn 1.27 1.72
[ 1.6MeV ] f(11%sn) 2.52 4.16
of ‘ ] f(*7sn) 1.14 1.59
0 50 100 f(*8sn) 3.56 6.22
CHANNEL NUMBER f(*2%n) 3.76 6.16
FIG. 3. Sum energy spectrum 6t%Sn measured in run 2 con- Fi(*Sn/Ay 0.985 0.984 0.979
taining events with multiplicity greater than 2. This spectrum WaSF1(115Sn/Au) 0.977 0.974 0.964
obtained by projection of the two-dimensional spectra in the TOFF 1(*'°Sn/Au 0.989 0.989 0.988
region below the maximum neutron energy indicated by hatchedF:(*’Sn/Au 0.976 0.973 0.963
boxes in Fig. 2. F.(*8sn/Al) 1.000 1.002 1.010
F,(*?%Sn/Au) 1.002 1.003 1.009

the pairing energief27], most of the required input param-
eters were adopted from the work of Timokhetal. [8]. )
The resulting correction factofs, are compiled in Table V. SPectra of the other samples accounts for the respective con-
When this code was transferred to a different computer, iffiPutions to the multiple-scattering corrections as well.
turned out that theesHresults depend slightly on the set of Therefore, these corrections were not determined for the true
random numbers used. Therefore, the multiple—scatterinr%ompos't'On of the samples but were caIcuIat?ij as if the two
corrections were obtained as the average of eight indepe Aam;;\les ans_'I_St‘;? O\f/ﬂlﬁ main |soto§é‘é5n or bssl‘n 0;'3;’ .

: s shown in Table V, these corrections are below or
dent runs anq were fqund to differ byl%. from the values 12115118 the thin'16Sn sample. and for the aold samole
reported earlief17]. Since most of this difference refers to 5 ple, 9 ple,
the gold sample, the cross-section ratios of the tin isotope@,m can be sizable for the other samples_as well as at energies
are only marginally affected. This holds for the previousbelow 10 keV. The calculated correction factors can be

measurements on Te, Ba, Sm, and Gd isotopes as wdihecked via the results obtained for the tWdSn samples,
[6,7,15,16. o ' in particular below 20 keV, where the differences are large

The low enrichment of thé'4Sn and155n samples im- enough to produce a significant effect on the observed count

plies a possible influence of the isotopic impurities on theséat€s(see Sec. Y.

corrections. Since most samples of the present experiment

are very similar in weight and in size, however, it could be IV. RESULTS FOR THE NEUTRON CAPTURE
assumed that subtraction of the isotopic impurities via the CROSS SECTIONS

The ratios of the neutron capture cross sections of the tin

‘ o isotopes and of°’Au obtained in the individual runs and via
_' the two evaluation methods discussed above are listed to-
’Y) ] gether with the respective statistical uncertainties in Ref.
[17]. These data sets do not exhibit systematic effects either

10000 120gn(n

5000

] for the two evaluation methods or for the various experimen-
Multiph tal runs where different neutron spectra and different _data
f’_J ! acquisition modes were used. Only fét'Sn, a systematic
Z 9 26.1% 5+ ] difference of 1.2% was found between evaluations 1 and 2.
8 a4 ] Though this difference is still within thea limit of the

statistical uncertainties, it occurred in all three runs and may
be due to the background problems with sample scattered
2 neutrons discussed above.

As in previous measurements with the 8aF, detector
[6,7,23, the final cross section ratios were adopted from
evaluation 2. The mean values of the three runs are listed in

P I

0 20 40 60 80 100 120 Table VI together with the statistical, systematic, and total
CHANNEL NUMBER uncertainties. The final uncertainties of the cross section ra-
tios are~ 1% for the even and-2% for the odd isotopes,
FIG. 4. Sum energy spectra 6t%Sn for different detector mul- about five times smaller compared to previous data
tiplicities. The regions used for determining the cross section shape8—10,13.
are indicated by arrows. The experimental ratios were converted into cross sec-
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TABLE V. Correction factors for the cross section ratles= M S(Au)/M S(X).

Neutron energy range F,

(keV) Wispn/au M5sn/Au 6gn/Aud Wign/au M8sp/Au 2%sn/Au
3-5 1.051 1.005 1.215 1.076 1.004 1.166 1.404
5-7.5 1.043 1.015 1.159 1.062 1.012 1.129 1.315
7.5-10 1.039 1.022 1.130 1.052 1.018 1.108 1.265
10-12.5 1.036 1.025 1.112  1.048 1.021 1.096 1.234
12.5-15 1.034 1.026 1.100 1.044 1.022 1.085 1.209
15-20 1.032 1.027 1.086 1.038 1.023 1.075 1.180
20-25 1.031 1.028 1.076  1.035 1.024 1.066 1.154
25-30 1.029 1.028 1.066 1.033 1.023 1.060 1.135
30-40 1.027 1.026 1.056 1.030 1.022 1.051 1.113
40-50 1.024 1.025 1.046  1.026 1.021 1.043 1.095
50-60 1.021 1.024 1.038 1.023 1.020 1.037 1.079
60-80 1.019 1.023 1.030 1.020 1.019 1.030 1.063
80-100 1.016 1.021 1.021 1.016 1.017 1.023 1.047
100-120 1.014 1.020 1.015 1.013 1.016 1.018 1.036
120-150 1.010 1.017 1.007 1.009 1.013 1.012 1.024
150-175 1.008 1.016 1.002 1.006 1.012 1.007 1.015
175-200 1.006 1.015 0.998 1.004 1.011 1.004 1.010
200-225 1.005 1.015 0.995 1.003 1.010 1.001 1.005

Uncertainty(%) 0.5 0.3 0.5 0.5 0.4 0.5 0.7

&Thick sample left column, thin sample right column.

tions using the gold cross section of Mackl28] after nor-  keV. In case of!'’Sn, a systematic difference of 1.2%
malization by a factor of 0.989 to the absolute value ofbetween the results of evaluations 1 and 2 can be attributed
Ratynski and Kppeler[29] (Table VII). The uncertainties of to background uncertainties in the reference interval used for
these data can be obtained by adding the 1.5% uncertainty @foss-section normalization. Since part of this difference is
the reference cross section to the uncertainties of the respegue to counting statistics, the systematic part of this normal-
tive cross-section ratios. . _ ization uncertainty was assumed to Bel.0% (see Table
Compared to the data of Timokhat al. [8], which are  v/j1). |n view of the similar background situation, this un-
quoted with uncertainties of 5-10 % féf**>11%13n and certainty was considered fd>Sn as well, though no such

of 10-20 % for '®*8n, the present results are systemati-gittarences were found for this isotope. The 0.2% uncer-

cally lower by 12%, on average, the individual ratios rangingtaint in neutron flux normalization for the different samples
from 0.80 to 1.00. Most of this systematic difference is due y P

; . could be verified via the measured total cross sections as
to a ~10% smaller gold cross section used by Timokhov

et al.[8] for converting the experimental cross section ratiosdlscussed in Sec. lll A

to absolute values. Apart from this problem, all remaining _The Isotopic ComDOS't_'on was SODECIerd by the supplier
differences are well within the quoted uncertainfiag]. The with an absolute u_ncertalnty af 0.2%. Though this seems
comparison with all other data will be discussed in Sec. VI inl© D& @ conservative estimate according to the very good
connection with the stellar cross sections. agreement obtained in the independent measurements of the
isotopic composition of the samarium sampl&s, it was
adopted for all isotopes in each sample. This means that the
main isotopes in the highly enriched samples are defined

The determination of statistical and systematic uncertainwith relative uncertainties of 0.2% , but that the low enrich-
ties in measurements with ther4BaF, detector has been ment of the!'“Sn and'®Sn samples resulted in correspond-
described in Refd.6,7,20. Therefore, the following discus- ingly larger uncertainties of 0.3% and 0.4%able VIII).
sion of the various uncertainti€$able VIII) concentrates on With the adopted 0.2 % abundance uncertainty, the even
the particular aspects of the present experiment. (25.2% and odd (4.8% impurity isotopes in thell“Sn

In the results for the even tin isotopes no systematic difsample(Table 1l) yield isotopic corrections with relative un-
ferences were observed either in the different runs or witlcertainties of 2.0% and 7.2%, respectively. These uncertain-
the different acquisition modes and evaluation methods. Thiies are comparably large since the uncertainties of the vari-
suggests that the systematic uncertainties for backgrounous impurity isotopes have to be added in quadrature,
subtraction were negligible, similar to the situation with theresulting in systematic uncertainties of 0.6% for thHéSn
samarium isotope’]. The difficulties of proper background and '°Sn samples.
subtraction in the spectra of the odd isotopes were already As noted before, the samples with low enrichment are
discussed in Sec. Il with the consequence that the evaluatioslso problematic with respect to the correction for multiple
for 1°Sn had to be restricted to the energy range above 16cattering and self-shielding. The multiple-scattering effect

V. DISCUSSION OF UNCERTAINTIES
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TABLE VI. Final neutron capture cross-section ratios 0fSn, 1'5n, 1165n, 117sn, 11830, and!?%Sn
relative to *°’Au. The abbreviations for uncertainty are denoted as follows: stat, statistical; sys, systematic;
and tot, total.

Uncertainty(% Uncertainty(% Uncertainty(%
Energy? o(M4sn) y (%) 0_(1153”) y (%) U(llesn) y(%)

(keV) o(¥Au) Stat Sys Tot o(T7Au) Stat Sys Toto(TAu) Stat Sys Tot

3-5 0.1619 122 1.0 122 0.0904 84 08 84
5-7.5 0.1690 65 10 6.6 0.1700 29 08 30
7.5-10 0.2595 37 10 338 0.1387 30 08 31

10-12.5 0.2566 29 10 31 0.4811 88 15 89 0.1467 22 08 23
12.5-15 0.2030 32 10 34 0.5129 70 15 72 0.1785 1.8 08 20
15-20 0.2787 15 10 18 0.6143 34 15 37 01871 11 08 14
20-25 0.3032 12 10 16 0.7041 24 15 28 0.1820 1.0 08 13
25-30 0.2165 12 10 16 0.6339 20 15 25 0.1901 08 08 11
30-40 0.2608 08 10 13 0.7207 1.3 15 20 0.1688 06 08 10
40-50 0.2485 08 10 13 0.7118 1.3 15 20 0.1547 06 08 10
50-60 0.2339 08 10 13 0.6636 1.3 15 20 0.1627 06 08 10
60-80 0.2210 07 10 12 0.6191 11 15 19 0.1538 05 08 0.9
80-100 0.2224 07 10 1.2 0.6381 11 15 19 0.1519 0.5 08 0.9
100-120  0.2143 08 10 13 0.6172 12 15 20 0.1522 06 08 1.0
120-150  0.2155 11 10 15 0.5635 19 15 24 0.1527 11 08 1.4
150-175  0.2152 12 10 16 0.5705 20 15 25 0.1582 11 08 1.4
175-200  0.2270 12 10 16 0.5909 21 15 26 0.1596 12 08 14
200-225  0.2279 18 10 21 0.5827 32 15 35 01701 1.7 08 1.9

i 0, i 0, i 0,
Energd o (1173 Uncertainty(%) (11850 Uncertainty(%) (129 Uncertainty(%)
(keV) o(*Au) Stat Sys Tot o(*®'Au) Stat Sys Toto(*®Au) Stat Sys Tot
3-5 0.3556 129 14 130 0.0959 88 0.7 88 0.0499 14.7 0.9 14.7
5-7.5 0.3447 84 14 85 0.0911 53 0.7 53 0.0786 52 09 53

7.5-10 0.5144 48 14 50 0.1440 31 0.7 32 0.0607 59 09 6.0
10-12.5 0.4987 36 14 39 0.1126 29 07 3.0 0.0752 35 09 36
12.5-15 0.5428 29 14 3.2 0.1100 27 07 28 0.0653 36 09 37
15-20 0.5826 16 14 21 0.1170 16 07 1.7 0.0802 18 09 20
20-25 0.7023 11 14 18 0.1269 1.3 07 15 0.0705 1.7 09 19
25-30 0.6512 09 14 17 0.1093 11 07 13 0.0612 15 09 17

30-40 0.6350 07 14 16 0.1120 08 07 11 0.0562 12 09 15
40-50 0.6054 07 14 16 0.0985 09 07 11 0.0570 11 09 14
50-60 0.6078 07 14 16 0.1064 08 07 11 0.0658 1.0 09 13

60-80 0.5492 06 14 15 0.1032 0.7 07 10 0.0621 09 09 13
80-100 0.5475 06 14 15 0.1028 0.7 07 1.0 0.0618 09 09 13
100-120  0.5219 07 14 16 0.1029 08 07 11 0.0617 1.0 09 13
120-150  0.5108 1.0 14 17 0.1053 1.0 07 1.2 0.0601 14 09 17
150-175  0.4892 11 14 18 0.1065 1.0 07 1.2 0.0667 14 09 17
175-200 0.4149 13 14 19 0.1154 11 07 13 0.0654 14 09 17
200-225  0.3916 20 14 24 0.1146 16 07 17 0.0614 20 09 22

aNeutron energy intervals as used for calculating the Maxwellian averaged cross sections.

may be either not completely considered or even overcomadopted in the gadolinium experimdri6], 25% of this dif-
pensated by subtracting the normalized spectra of the impderence was adopted as an additional systematic uncertainty
rity isotopes, in particular if the samples of the impurity iso- for these isotopes. For the other isotopes, only the uncertain-
topes are significantly different in mass. Therefore, theties provided by thesEsH code[26] were considered. This
calculation of the correction factold S were performed for was justified by the reliable set of input data, which allowed
the total sample as well as for the isotope remaining after thene to reproduce the total and capture cross sections consis-
isotopic correction. The respective differences were 0.5%ently.

and 0.4% for the'*“Sn and!'°Sn samples, nearly indepen-  Eventually, the correction factors for neutron multiple
dent of the neutron energy. Analogously to the procedurscattering and self-shielding,,, were checked via the cross



sections obtained with the thick and thiA%sn samples. In
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TABLE VII. Neutron capture cross sections 8f'Sn, 11%5n,11%sn, 117gn, 11850, and*?%sn.

1459

Energy interval  o(*Au)®  o(*sn  o(**Sn oS o(*Sn o(M8&Sn  o(*¥%Sn)
(keV) (mb) (mb) (mb) (mb) (mb) (mb) (mb)
3-5 2266.7 367.1 205.0 806.0 217.5 113.1

5-75 1726.7 291.8 2935 595.2 157.4 135.6
7.5-10 1215.7 315.5 168.7 625.4 175.1 73.8
10-12.5 1066.7 273.7 513.2 156.5 532.0 120.1 80.2
12.5-15 878.0 178.2 450.3 156.7 476.6 96.6 57.4

15-20 738.8 205.9 453.8 138.2 430.4 86.4 59.3

20-25 600.0 181.9 422.5 109.2 421.4 76.1 42.3

25-30 570.8 123.6 361.9 108.5 371.8 62.4 34.9

30-40 500.4 130.5 360.6 845 317.8 56.1 28.1

40-50 433.3 107.7 308.4 67.1 262.3 42.7 24.7

50-60 389.6 91.1 258.6 63.4 236.8 41.5 25.7

60-80 349.4 77.2 216.3 53.7 191.9 36.1 21.7
80-100 298.3 66.3 190.4 45.3 163.3 30.7 18.4

100-120 290.1 62.2 179.1 44.1 151.4 29.9 17.9
120-150 274.1 59.1 154.5 41.9 140.0 28.9 16.5
150-175 263.7 56.7 150.4 41.7 129.0 28.1 17.6
175-200 252.6 57.3 149.2 40.3 104.8 29.2 16.5
200-225 248.5 56.6 144.8 42.3 97.3 285 15.3

@As used for calculating the Maxwellian averaged cross sections.
bBased on the®®’Au data from the literatur§28,29.

the calculated corrections, especially as the remaining cross-

the energy intervals from 30 to 80 keV and from 5 to 10 keVsection differences are completely accounted for by the sta-

these data agree withirt 0.2% and=* 1.0%, while the re-

spective correction factois, differ by as much as 1.3% and
8.4%. Hence this good agreement confirms the reliability oto undetected events was presented in REf], where un-
certainties of 0.3% for the even and 0.8% for the odd iso-

TABLE VIII. Systematic uncertaintie%). i in 'Sn stands for

mass numbers 116, 117, 118, and 120.

tistical uncertainties.
A detailed discussion of the systematic uncertainties due

topes were estimated for the correction factByson the

basis of two independent sets of calculated capture cascades,

Background subtraction in normalization interval

cross section ratid*>*%Sn/Au

Flight path

Neutron flux normalization

Sample massgelemental impurities
Isotopic composition '¢“Sn/At%Sn/Sn samples

Isotopic correction {:4Sn/*'%sn/Sn samples
Multiple scattering and self-shielding:,

cross section ratid***1611&n/Au
cross section ratid*>Sn/Au
cross section ratid*’Sn/Au
cross section ratid?’Sn/Au

Undetected events$:
cross section ratig!4116118.18n/ay

cross section ratid*>*Sn/Au

Total systematic uncertainties

o(*sn/o(Au)
o (*5sn)/o(Au)
o (1%sn)/o(Au)
o(*1'sn)/o(Au)
o(118sn)/o(Au)
a(*?%Sn)/a(Au)

1.0

0.1
0.2

0.2

in good agreement with the uncertainties quoted in previous

measurements with therdBaF, detector[6,7,22. Accord-
ingly, the same uncertainties were also adopted in the present
case.

0.3/0.4/0.2
0.6/0.6/0.2

0.5
0.3
0.4
0.7

0.4
0.8

1.0
15
0.8
1.4
0.7
0.9

VI. MAXWELLIAN AVERAGED CROSS SECTIONS

Maxwellian averaged cross sections were calculated in

the same way as described in Rd#8,20] by dividing the
neutron energy range from 0 to 700 keV into three intervals
I, according to the origin of the adopted cross sections. The
contributionsl ; from the energy range from 0 to 3 keV were
determined in two different ways. First, the cross-section
shapes from statistical model calculations were fitted to the
present results and at lower energies to the data that were
calculated from resonance paramef&$]. In a second cal-
culation, the cross sections of the joint evaluated [fd&]

were normalized to the present data between 5 and 20 keV,
the respective normalization factors ranging from 0.5 to 1.7.
In the case of'°Sn, the extrapolation was made for the

interval 0—10 keV since no data could be obtained below
10 keV in the present experiment. The uncertainties of
10-15 % assumed for this energy interval correspond to the
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TABLE IX. Maxwellian averaged neutron capture cross sections4gn, 11°n, 165n, 117sn, 1185n, and
12931 for thermal energies from 10 to 100 kéie 1.5% uncertainty of the gold standard is not included here
since it cancels out in most applications of relevance for nuclear astrophysics

kT H4gn 1155n 1163n 1175 H83n 1205n

(keV) (mb) (mb) (mb) (mb) (mb) (mb)

10 249.2:8.4 550.7 42 171.6:2.6 549.4-13 126.6-3.1 73.2:1.7
12 226.2£6.3 512.4+ 33 155.4+2.1 506.6-10 112.4-2.3 65.1+1.3
20 169.9-3.0 413.2£16 116.%1.3 395.5-6.5 80.3t1.1 46. 7% 0.7
25 149.3:2.2 373.2:11 102.x1.1 351.85.5 69.7-0.8 40.5£0.6
30 134.4-1.8 342.4-8.7 91.6-0.9 318.8-4.8 62.6-0.6 36.4:-0.5
40 114.6:-1.4 298.5-6.3 78.6-0.7 271.4-4.0 53.3:0.6 31.%0.4
50 102.3+1.2 268.8-5.2 70.5-0.7 239.1+3.5 47.8:0.4 27.9:0.3
52 100.4-1.2 263.9-5.0 69.2£0.6 233. 7%+ 3.4 46.9-0.4 27.5-0.3
60 94.1+1.1 247.4-45 65.1- 0.6 215.0:3.1 44.1-0.4 25.9-0.3
70 88.4-1.1 231.3:4.0 61.2£0.6 196.4-2.8 41.70.4 24.5-0.3
80 84.3-1.1 218.5-3.8 58.4:-0.6 181.5-2.7 39.6:0.5 23.4:0.4
90 81.G:1.1 208.0-:3.4 56.5-0.6 169.3-2.5 38.5:0.5 22.6:0.3
100 78.6-:1.3 198.9-3.3 547 0.7 159.%+2.6 37.5:0.5 22.6:t0.4

observed differences from the mean and include the respec-

tive systematic uncertainties. Fét°Sn, larger uncertainties

of 20% had to be admitted. TABLE X. Maxwellian averaged cross sectionskdt=30 keV
The main contributions from the interviy are provided C¢0mpared to previous experiments and evaluations.

by the cross sections determined in the present experiment

(Table VII). The energy grid of these data is sufficiently fine Ex_penment Evaluation
. . S . Cross section Reference
to avoid systematic uncertainties in the averaging procedun?éotoIoe (mb) Ref.[32] Ref.[33]
The energy interval from 225 to 700 keV contributes very i i
little to the Maxwellian average at typicalprocess tempera- %sn 134.41.8 present work 184
tures. Up to 460 keV, the experimental cross sections of 133+7 (sl
Timokhov et al. [8] were used, complemented by data from
the JEF evaluation at higher energies. Both data sets werésn 342.4-8.7 present work 430
normalized to the present results in the interval of overlap, 382+18 [8]°
assuming that the uncertainties of the normalized cross sec-
tions increase from 2% at 225 keV to 10% at 700 keV neu-1%sp 91.9-0.9 present work  100+19 92+5
tron energy. 90+4 (8]
A detailed listing of the respective contributions and un- 92+5 [9]
certainties from the intervalk, is given in Ref.[17]. The 104+21 [10]
resulting Maxwellian averaged cross sections are summa- 92+19 [11]
rized in Table IX. In most cases, systematic and statistical
uncertainties are of the same order. At low thermal energies;!’sn 318.8-4.8 present work 402+77  402+77
however, the statistical uncertainties dominate for all iso- 285+14 [8]°
topes. The 1.5% uncertainty of the gold standard was not 418+99 [10]
considered in these values since it cancels olg-process 390+-82 [11]
studies where cross-section ratios are sufficient.
The present results &T=30 keV are eventually com- 1%sp 62.6-0.6 present work  63+12 63+12
pared in Table X with previous experiments and with the 68+4 (sl
compilations of Bao and Kmpeler[32] and Beer, Voss, and 65+13 [10]
Winters [33]. The individual results are in fair agreement, 59+12 [11]
with typical differences of~10%. A somewhat larger dis-
crepancy of 14% was found fol?°Sn. In all cases, the un- 1205, 36.4:0.5  present work  39+7 39+7
certainties have been reduced significantly by the present ex- 31.8-1.2 [12]
perimental technique. At this point it was surprising to note 41.0+3.3 [8]°
the excellent agreement with respect to the oldest measure- 41+8 [10]
ment: For the even tin isotopes the data of Macklin, Inada, 35+7 [11]

and Gibbond11] deviate from the present results by only
3.4% on average, despite the fact that a 20% uncertainty hatthe 1.5% uncertainty of the gold cross section is not included.
been estimated for these values. PRenormalized to gold cross section used in the present j@@fk
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: : : : TABLE XI. r-process residuald,=Ng — Ng — N .
ﬁ{ﬁ Isotope N, 2 No?—Ng  N,° N,
10} B
@ % %{ 1160 0.12:0.01
2 I ! § % 1sn 0.4706-0.005 0.021
2 ¥ 3 ¢ 33 175 0.134-0.002  0.1280.008 0.128-0.008
: s §§ ﬂ; o 1&g 0.649-0.007 0.1640.025 0.027 0.1370.030
2 e §{§Q,fl-» °F %pn 02240012 0.06%0.015 0.065:0.015
3 107 ] { %%‘% 120sp 1.005:0.014 0.09%0.036 0.021  0.0780.038
= L
Ay ]
- } 1225 0.154-0.005
1245n 0.199-0.006
o = 30 10 *Normalized to (o)Ny) .4 36.00.

20
MASS NUMBER bSolar tin abundance normalized to te)N; curve including a 4%

p-process contribution fot'%sn.

FIG. 5. r-process residualfNo-Ng-N, in the mass region Cayerage values fronp-process calculation,3].

A=110-140 for the solar tin abundance of Ré&f5] (crossesand
after normalization to thés)N value of 'Sn (black circleg. Pure

r nuclei are indicated by squares. . . ) . ) )
is obtained via the revised tin abundaribéack circles. The

decomposition in Table Xl is based on the classical approach
and assumes a 3% uncertainty for the revised tin abundance
to account for the uncertainties of tpeprocess contribution

The s-process reaction flow in Fig. 1 exhibits two small to *'%Sn and of the )N curve in general. A complete dis-
branchings at'**Cd and *'°Cd that are significant at low cussion of the intricats-process reaction flow in the mass
temperatures but become negligible above>2l6® deg  region between Cd and Sn and the quest for the origin of the
when the ground state and isomer in these nuclei are thefare isotopes*3n, 1*“Sn, and'*>Sn will be presented in the
mally equilibrated[1]. In the classical approach, where the context of the determination of stellan,(y) cross sections of
s-process temperature exceeds this vafdéSn is therefore 5 series of Cd isotopdd 8.
expected to be one of the unbrancteidotopes that can be
used for normalization of thér)N curve via their empirical
products of stellar cross section asébundance.

This argument has been used by Betal.[9] to suggest
a 30% reduction of the meteoritic tin abundance quoted by The Karlsruhe 4 barium fluoride detector has been im-
Anders and Grevesd@4]. With the improved®'®Sn cross proved by replacing the six crystals with the highedtack-
section it turns out, however, that this empirical value ex-ground. In this way, the electronic threshold in tiyeray
ceeds the meanwhile updatéd)N curve only by 15%. spectrum could be reduced to 1.6 MeV, resulting in an im-
While even the reduced®sn excess remains far outside the proved detection efficiency of 97% and 99% for neutron cap-
experimental uncertainty, it is almost accounted for by thetures in the even and odd Sn isotopes, respectively.
+10% uncertainty of the solar abundance of this rather vola- The total cross sections and the §) cross sections were
tile element34,35. Since the/ )N curve is well defined by measured for the stable isotopg4Sn, 11°Sn, 1165n, 117gn,
a number of others-only isotopes, the!'®sn discrepancy !'8Sn, and'2%Sn. The total cross sections could be deter-
may therefore be ascribed to an overestimated solar tin abumined from 10 to 200 keV with typical uncertainties from
dance. 2% to 10%, except for the odd isotopes, where the large

Renormalization of the solar tin abundance to {aeN  transmission of more than 99% resulted in uncertainties of
value of 1%Sn has to consider, however, that this isotope20—30 %. The neutron capture cross sections were measured
carries also a smafl-process abundance. If the correspond-from 3 to 225 keV. In this case, reliable corrections for the
ing contribution of 4% is adopted from theprocess calcu- sizable isotopic impurities of thé'Sn and!°Sn samples
lations of Howardet al. [3,36] and Prantzost al. [2,37],  could be determined due to the spectroscopic qualities of the
normalization to the(c)N curve yields an elemental tin BaF, detector. Maxwellian averagech(y) cross sections
abundance oNg=3.38 (Si=10°). This result is lower by were derived for thermal energies from 10 to 100 keV with
9% and 11%, respectively, compared to the most recent contypical uncertainties of 1-2 % for the astrophysically rel-
pilations of solar abundancg85,34]. That this normaliza- evant cross section ratios, an improvement by factors of
tion is justified can be checked via the abundance pattern d—10 compared to existing data. In general, the present re-
the r-process residualdl, =Ny —Ng, which are plotted in sults agree within~10% with the data from literature, ex-
Fig. 5. Obviously, this distribution exhibits an irregular pat- cept for the very smalt?°Sn cross section.
tern if the literature value of the solar tin abundance is used The accurate cross section of tieonly isotope 11%Sn
to calculate ther-process residualgcrosses whereas a confirmed the suppositiofl2] that the solar tin abundances
smooth distribution in good agreement with the overall trendgiven in the compilations of Anders and Greve§34] and

VII. TIN ABUNDANCE AND R-PROCESS RESIDUALS

VIl. SUMMARY
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of Palme and Bedi35] are too large to be consistent with the ACKNOWLEDGMENTS
overall ()N systematics and a smoothprocess pattern.
The suggested reduction of the tin abundance by 12% com- . . .
pared to Ref[35] is still compatible with the estimated 10% W& would like to thank F.H. Frianer and B. Krieg for
uncertainty of this value, but yields a significantly improved Providing us with the JEF data. The continuous support of
r-process pattern. A complete update of thprocess reac- the Van de Graaff crew, D. Roller, E.-P. Knaetsch, and W.
tion flow in the mass region of Cd-In-Sn and a discussion of€ith, who ran the accelerator in a most efficient way, is
the origin of the rare isotope&t3n, 14sSn, and!°Sn are gratefully acknowledged. Finally, we thank G. Rupp for his
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