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The (n,7y) cross sections of the stable europium isotoppdsu and***Eu have been measured by irradiating
oxide samples in a quasistellar neutron spectrum. From the induced activities, the stellar cross settigns of
and %u at a thermal energy okT=30 keV were found to bgov)/vy=3821+152 mb and 2733
+110 mb, respectively. These results allowed us to resolve severe discrepancies among previous data. Similar
activation measurements were also performed®n®Sm and'®**"®r. Among these results, the stellar cross
section of thes-only isotope®Er (ov)/v1=1084+51 mb atkT=30 keV is particularly important. Statis-
tical model calculations were performed with emphasis on the effect of excited states as well as on the unstable
isotopes®iSm, 52Eu, and*®*Eu. The combined set of cross sections was used for an updated analysis of the
branchings atA=151, 152, 154, and 163. The temperature and density estimates derived via the classical
approach are discussed and compared to stellar models for helium shell burning in low mass stars.
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[. INTRODUCTION well defined relative abundances of the REE as well as by

the validity of the local approximation. In particular, this
The mass region of the rare earth elemdREE9 from  second aspect is important since it allows consistent studies
lanthanum to lutetium is of special importance fgprocess of these branchings within the classical approach. In turn,

studies for the following reasons. these branchings constitute important tests for various as-
(i) Since the REEs are chemically almost identical, theirpects of stellas-process models.
relative abundances are known to better than [2% Ac- Figure 1 illustrates the-process reaction flow in the in-

cordingly, the comparison of theprocess yields obtained by vestigated mass region with the major branchings>4m
model calculations with the observed abundances of thand ®*Eu which are defined by theonly nuclei 1*3Gd and
s-only isotopes can be made at a confidence level that i$°4Gd, respectively. While these two nuclei are partly by-
comparable with the obtainable cross section uncertaintiespassed in the process, the total reaction flow is represented
(i) The REEs comprise isotopes with very different stel-by the neighboring isotope 1°°Sm. Both branchings can be
lar (n,7y) cross sections ranging from the 11 mb of the neu-considered as-process thermometers since the competition
tron magic nucleus*®Ce to values around 3000 mb ob- between neutron capture amidecay is affected at stellar
served for the odd-odd europium isotopes. This means thaémperatures by the thermal population of low-lying excited
the abundances of the lightest REE can be used to probe tls¢ates with shorteB lifetimes.
s-process reaction flow with respect to the bottle neck effect (iv) Significant isotopic anomalies have been discovered
of the small cross sections at magic neutron nunitber82,

which has recently been noticed to constrainglpeocess in P process
thermally pulsing stars on the asymptotic giant branch
(AGB) [2]. ' : *
On the other hand, the majority of the REE isotopes ex- w2153 i qssqal—ssqa — s —{ 157 qa
hibit sufficiently large cross sections to satisfy the local ap-

proximation Ng( o) = const, which implies that equilibrium
had been established in tisgrocess reaction flow. In this 1Ry | 152y - 199y i 184 0y bl 185 g
case, thes abundances can be described by the schematis
classical approachindependently from particulas-process
models. ] 10 m i 151 G ] 1528 ) 1545 m
(iii) The REE region includes a number of branchings in
the s-process path. From the analysis of the respective abun .
dance patterns, the main parameters—neutron dengity ©. Tprocess
temperatureTg, and mass densitp,—characterizing the . : . .
physical conditions during theprocess can be derived. The  FIG. 1. Thes-process reaction path in the Sm/Eu/Gd region with
determination of these parameters is greatly facilitated by thehe important branchings #=151 and 154.

§ process
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in SiC grains from certain meteorites for several of the REEswith a chemical purity of 99.99%. Since relatively large un-
[3-5]. If these anomalies can be confirmed to be of purecertainties of 3 and 1.5 %®0,21] are assigned for the isoto-
s-process origin, they can be used for probing the transpofsic composition of natural Eu, the sample material was char-
processed material to the stellar atmosphere and the resultig@terized by mass spectroscopy to contain  47.9
enrichment of the circumstellar envelope. For the identifica—+ (.39 15y and 52.%0.3% 5%Eu. For the Er activa-

tion of thes origin, accurate cross section data and the dugjons, ten samples were prepared, seven for the determination
consideration of possible branchings are mandatory. of the Y™r and three thinner samples for tH&%r cross

In the course of a comprehensisgrocess investigation gection. The respective uncertainty in the isotopic composi-
of the REE region, so far 29 stellam(y) cross sections have tion of 1.3% was adopted from ReR2].

been determined with significantly improved accuracy using
the Karlsruhe 4BaF, detector[6—10. In addition, five
stable[11,12 and two radioactivé13,14] isotopes were in-
vestigated by activation in a quasistellar neutron spectru
This data set was complemented by statistical model calc

For all studied isotopes, the sample dimensions were var-
ied with respect to diameter and thickng3sable ). This
morinciple of modifying the relevant parameters was consid-
éred as an important test for the respective corrections and
lations based on a consistent local parameter systemati Qra quan'titative estimate of the r_elated' systematic uncer-
Binties. With the different sample dimensions, the geometric

[15|]r'l the present work, cross section measurements Oﬁffect of the divergent neutron field and the absorption losses
152,154 15L15%; and 16417E are reported which aim at In the subsequent activity measurement could be checked in

this way. In order to keep the absorption losses small, rela-

resolving the differences and inconsistencies of previou%Vely thin samples had to be used for the two samarium

data. In addition to these experiments, which are described 'Sotopes and fof®“Er, since the induced activities were char-
Secs. Il and lll, improved Hauser-Feshbach calculations

were performed with updated input parametégec. IN). a_lc_:t%rliz?? by softy radiation and by x rays in the latter case
The impact of these results on tlsgprocess branchings at (Table ID.
151Sm and'*Eu are discussed in Sec. V. . o
B. Irradiations and activation measurements

The experimental setup was the same as reported previ-
ously (Ref. [11], and references therginThe activations

The measurements were carried out with the activatioyere carried out at the Karlsruhe 3.7 MV Van de Graaff
technique by irradiating sets of Sm, Eu, and Er samples in accelerator with beam currents between 70 and 14
quasistellar spectrum as described elsewhéfgld. The  The investigated Sm, Eu, and Er samples were sandwiched
neutron spectrum was obtained by bombardinga® thick between 0.03 mm thick gold foils of the same diameter for
metallic lithium targets with protons of 1912 keV energy, 31 normalization to the well-knownn(y) cross section of
keV above the reaction threshold of thei(p,n)’Be reac- *%Au (648+10 mb atkT=25 keV) . This normalization
tion, which then yields a continuous neutron energy distribu-accounts directly for the definition of the stellar cross sec-
tion with a high energy cutoff a,=106 keV. The result- tion; to obtain the straight spectrum-averaged cross sections,
ing neutrons are emitted into a forward cone with 120°the present results have to be multiplied by a facor/2
opening angle. The angle-integrated spectrum peaks at A%or details se¢17]).
keV and exhibits almost exactly the shape required to deter- In all activations the neutron yield was continuously
mine the proper cross section averdge )/vt correspond- monitored in intervals of 20 s by 4Li glass detector at
ing to the stellar cross section for a thermal energyk®f ~1 m distance from the target. This information allowed to
=25+0.5 keV[17]. Hence, the reaction rate measured incorrect the fraction of activated nuclei, that decayed already
that spectrum yields immediately the stellar cross section aluring the irradiation, for a possible time-dependence of the
the respective temperature. Detailed information on thereutron yield. This correction can be significant if the irra-
present work can be found in Refd8,19. diation time is comparable to or longer than the half-life of
the induced activity and if this half-life differs from the gold
standard. Accordingly, different irradiation times were cho-
sen to control this correctiofTable ).

All Sm, Eu, and Er samples were prepared from oxide The inducedy activities were counted by means of a
powder. In order to eliminate adsorbed water and to stabilizehielded 76 crh high purity Ge-detectofHPGe with 1.7
this fairly hygroscopic material, the powder was heated tdeV resolution at 1.33 MeWy-ray energy. The counting ge-
1300 K for 1 h, then pressed to thin pellets, which wereometry was defined by a special adapter to the detector cap,
again heated to 1300 K for another hour. After this treat-by which the samples were positioned at a distance of 80 mm
ment, the sample weight was repeatedly determined with &om the detector. The detection efficiency, which peaked
microbalance and was found to be constant throughout theear 60 keV, was determined in the relevant energy range
measurements, at least within thelO0 wg uncertainty of the between 15 and 1408 keV t61.5% by a set of calibrated
balance. sources.

For the samarium samples isotopically enriched material The induced activities of the isotopically enriched sa-
was available containing 9940.2 and 98.60.2% °Sm  marium samples are characterized by relatively sofpec-
and %%Sm, respectively. The europium oxide was specifiedra. As an example, Fig. 2 shows the spectrum measured

Il. MEASUREMENTS

A. Samples

015801-2



s-PROCESS BRANCHINGS AT®Sm, ™Eu, AND 6Dy PHYSICAL REVIEW C 64 015801

TABLE I. Activations and sample characteristics.

Samples
Isotope Activation Irradiation Timéh) Diameter(mm) Thickness(mm) Total massmg)
1529m SM1 15.9 6 0.2 28:60.01
SM2 9.5 6 0.4 47.90.01
SM3 6.1 6 0.4 47.80.01
1545m SM4/SM4a 0.3/0.7 6 0.4 49:8.01
SM5/SM5a 0.3/0.7 6 0.8 98:50.01
SM6/SM6a 0.3/0.7 6 0.7 83:80.01
15115 EU1 16.8 10 1.0 32840.01
EU2 10.0 5 1.1 93.60.01
EU3 16.7 10 1.0 313%0.01
EU4 7.8 5 1.2 100.20.01
164 ER1 5.2 6 0.2 30.0.01
ER2 5.3 6 0.2 30.1£0.01
ER3 3.4 6 0.2 30.30.01
170 ER4 7.2 6 0.7 9140.01
ER5 14.0 6 0.4 5270.01
ER6 4.9 6 0.4 53.60.01
ER7 12.2 6 0.5 61:80.01
ERS8 6.4 10 0.6 22140.01
ER9 4.8 10 0.5 169:80.01
ER10 4.6 10 0.6 208:20.01

after activation SM2. Only the transitions marked by arrowsrays as shown in Fig. 4. Since natural erbium samples were
could be used for analysis since the intensities of the weakised in the activations, the decay of the coproduced heavier
lines between the peaks at 69.7 and 97.4 keV are rather ufer isotopes gives rise to corresponding x-ray lines from the
certain. The remaining line at 122 keV is due to an isotopicdecay of their respective Tm daughters. The separation of the
impurity. Ho-K«a line from this Tm feature reveals an additional com-
Immediately after the europium activations, the inducedponent from the x-ray fluorescence effect in the Er sample
activities exceeded $#@q and were dominated by the decay itself. The correction of the Ho line for the contribution from
of the first isomer in*>%Eu. Of the six prominent lines in this neutron captures iR®%Er could be minimized because of its
decay, the well known transitions with 344, 842, and 963shorter half life of 1.25 h. After waiting times of about 10 h
keV energy were used to determine the partialy) cross between activation and counting the corresponding correc-
section for populating this isomer. Subsequent to the medions were smaller than 0.5%. Since the resolution was not
surement of the partial cross section a waiting time of 10sufficient to resolve th& ,; andK,, lines, the sum of their
days corresponding to 25 half-lives of the isomer was obintensities was used in the analysis. In total, nine, four, and
served before counting the low activities from the decay often activations were carried out with the Sm, Eu, and Er
the long-lived ground states. One of these spectra, whickamples, respectivelyfable ).
were accumulated over 40 to 70 h, is shown in Fig. 3. Down-
ward and upward arrows indicate the respectivé&u and IIl. EXPERIMENTAL CROSS SECTIONS
154y lines which were used in data analysis. All remaining
lines were not considered since they are either too weak or
too uncertain. The net count€,, of a particulary-ray line in the spectra
The analysis of the erbium activations ER1 to ER7 fortaken with the HPGe detector can be expressed as
obtaining the'’°Er cross section was based on the strongest
y-ray line at 308.3 keV since the other transitions are much C,=AK, &)l fufm, 1)
weaker and more uncertain. In case8fEr, there are noy
transitions in the EC decay of®*Er. Accordingly, the in- whereA denotes the total number of activated nuclei at the
duced activities had to be determined via the emitted Ho->end of irradiation. The corrections for-ray self-absorption

A. Data analysis
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TABLE Il. Decay properties of the product nuclei.

Product nucleus Half-life y-ray energy? (keV) Intensity per decay (%)
15%5m 1.946:0.004 d 69.7 5.250.25°
97.4 0.73-0.02°
103.2 28.36:0.60
1555m 22.30.2 min 104.3 74.61.9°
141.4 1.97-0.08°¢
15y, 9.2740.009 h 344.3 2.4#0.304
841.6 14.6:2.19
963.4 12.0:1.7¢
15Bsgy 13.542-0.010 yr 244.7 7.490.13¢
344.3 26.6:0.28¢
778.9 13.79-0.13¢
964.1 14.34-0.20¢
1112.1 13.5:0.2¢
1408.0 20.8%0.11¢
4y 8.593-0.004 yr 247.9 6.910.05°
591.8 4.96-0.04¢
723.4 20.110.14°
756.8 4.54-0.04°
873.2 12.26:0.08¢
996.3 10.53:0.07¢
1004.8 17.96:0.11°
12745 34.50.26°
165y 10.36:0.03 h K,1 47.55 38.32:0.4
K., 46.70 21.56:0.4f
gy 7.52£0.03 h 308.3 644259
198ay 2.696+0.002 d 41138 9550.1"
#Prominenty-ray lines used in data analysis. ®Referencd 48].
bReferencd 71]. ‘Referencd 36].
‘Referencd49]. 9Referencd 72].
dReferencd45]. "Referencd 73].

K, were calculated with the absorption coefficients of Ref.to +1.5%, and the relativey-ray intensities per decal,

[23], and were always smaller than 2.5%. The only excepwere adopted from literatur@ able 1l). The time factord,,
tions were softy lines at 141 keV from*®°Sm and at 69.7 =e Mw andf,,=(1—e *m) account for the fraction of nu-
keV line from %3Sm which required corrections between 4.3 clei that decay during the waiting time between activation
and maximal 20 %, respectively. A similar correction of 22% and counting and during the measurement itkE#], and\

had to be applied in case of the 47 keV x-ray lines fromis the decay constant of the respective product nucleus. Cor-
18%r. The efficiency of the HPGe detectey was measured

T T T T DJ

R X-ray lines 103.2 % 10 3
% 10° <Zt
Z
2 5 ‘
o' o
= A 10? .
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= ) 10!
% - 8 73 757 99&%005 )
o 873 1275
Q 100 ) 1 1 L L
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5 s o5 o =500 CHANNEL NUMBER
CHANNEL NUMBER FIG. 3. They-ray spectrum of the activated europium sample

FIG. 2. They-ray spectrum of the activate®’Sm sample after after activation EU1. Lines from the decay bfEu and>*Eu are

activation SM2. indicated by downward and upward arrows, respectively.
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5000 ' ' ' ' ' ' target geometry as well as for neutron scattering and self-
1 shielding are accounted for by averaging the induced activi-
3 so00f ties of the two gold foils. Hence, the ratio for induced activi-
E ties in the respective target and reference samples is given to
%3000 i very good accuracy by
[+4
&
2 \ L/ A oiNifoi @
3 1000f /; Ani oauNau foau
o L Er-Kgy,
of In case of'®Eu activity, the different components from
) vy 3 YT 30 5 the partial cross sections to the isomer and the ground state
X-RAY ENERGY (keV) could easily be distinguished by the very different half-lives

FIG. 4. The x-ray spectrum of the activated erbium sample aftelQf 9.3 hand 13.5 yr.

activation ER1. The Hd<, doublet from the decay of*>*%Er can

be well separated from the corresponding Tm component due to t_he B. Discussion of uncertainties
169,17y decays and also from the Er fluorescence lines. The quality ) o ) ]
of the fit is indicated by the difference spectrum. The experimental uncertainties are summarized in Table

Il where the investigated reactions are indicated by the re

rections for coincidence summing were always less thagPective product nuclei. Fof”'Eu the partial cross sections
about 1% due to the smaji-ray efficiency and are, there- to the isomer and to the ground state ffEu are listed

fore, not listed explicitly. The total number of activated nu- Separately. o . o
clei A is given by Significant contributions to the overall uncertainty origi-

nate from the gold reference cross section, the efficiency of
A=DNofy, (2)  the HPGe detector, and from the difference in neutron flux as

measured by the two gold foils. The samarium cross sections
where® .= [®(t)dt is the time-integrated neutron flull ~ and—in particular—the partial cross section to the isomer
the sample thickness, andthe spectrum-averaged neutron >2"Eu are strongly affected by large uncertainties of the
capture cross section. The time factiyy corrects for the respectivey intensities(Table Il). Any improvement of these
decay during activation, including the effects due to timedata would, therefore, be important. The effect of the diver-
variations of the neutron flugor a definition see Ref16]). gent neutron flux was estimated from the activities of the
Since the integrated neutron flux is determined by the goldjold foils, 20% of that difference being assumed as the cor-
foils on both sides of the investigated sample, corrections foresponding uncertainty.

TABLE lll. Compilation of uncertainties.

Uncertainty (%)

Source of uncertainty 98py  198gm  1%5gm 1Sl 1520sgy 184y 165 17y
Gold cross section 15

Isotopic composition 0.1 0.2 0.2 0.3 0.3 0.3 1.3 1.3
Time factorsf,, ,f,,fy

Counting statistics 0.3 0.1 0.1 0.4 0.4 0.3 0.4 0.2
Self-absorptiork, 0.8 0.8 0.3 0.3 0.3 2.5 0.2
Efficiency ratio relative to Auy rays 1.5 15 15 15 15 1.5 15
Gamma-ray intensity per decay 0.1 2.1 2.6 12.4 0.5 0.7 0.4 25
Difference in neutron flux <15 <15 <15 <15 <15 <15 <15
Spectrum cutoff at 106 keV 1.0 0.5 0.5 0.5 0.5 0.5

Total uncertaintyk T=25 keV)

SM1-3 3.6

SM4-6 and 4a-6a 4.0

EU1-4 12.7 2.8 2.8

ER1-3 3.9

ER4-10 12.7 2.8 2.8 3.9
Extrapolation tok T=20 and 30 keV 0.5 2.0 0.5 2.0 0.5 0.5
Extrapolation tok T=10 and 50 keV 1.0 4.0 1.0 4.0 1.0 1.0
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Though the experimental spectrum represents a very googbns with the same samples resulted'f¥Er cross sections
approximation of the thermal situation, the cutoff at 106 keVwhich are perfectly consistent and in good agreement with
requires a small correction if the investigated cross sectionprevious datg 25,37 (see Fig. 198 Another improvement
exhibit a different energy dependence than the gold referenceompared to Ref[34] was that the spectra were analyzed
cross section. This problem of the cross section shape affectgith a special code which allowed to fit the x-ray line shapes
also the extrapolation of the measured 25 keV cross sectiorgroperly[14].
to other thermal energies, in particular or=30 keV, Figures 5-10 include the previous cross section calcula-
which is commonly used for the comparison ®process tions of Refs.[38,39 with estimated uncertainties of typi-
data. Since differentialr(,y) cross sectionsr, ,(E,) were cally 50%. In general, these values are in fair agreement with
available for'52Sm[6], for both europium isotopd@4], and the present measurements, except f_or the samarium cross
for 17%Er [25], the correction for the spectrum cutoff could be sections of Harrig39], which are two times larger than the
determined reliably in these cases. F8Sm andSr, dif- ~ €xPerimental data.
ferential data were still missing. Therefore, the theoretically
predicted energy dependeri@§] was adopted in both cases, IV. STATISTICAL MODEL CALCULATIONS

resulting in a correspondingly larger uncertainty for this cor-  Refined statistical model calculations have been per-
rection. Since the statistical uncertainties from the aCthltyformed on the basis of cal systematics of the relevant

measurements were practically negligible, the final uncermodel parameters in the mass range of interest, including as
tainties are determined by systematic effects and are, therghych experimental information as possible. This set of pa-

fore, comparable to those of the individual activations.  rameters is required to be internally consistent, and the
spread of the data in this systematics compared to a smooth
C. Results and comparison with previous data trend with mass number can be used to obtain realistic esti-

summarized in Table IV. In all cases, the differences amond?! the isotopes of interest can then beerpolated with
these results are well within the estimated uncertainties, thuz°M® conﬂdence.. This concept an_d the rglated tec;hm_ques
confirming the procedures applied in data analysis. The crofﬁve been described extensively in previous publications
sections from this work are compared with previous data i 40,4]]. In the following, the discussion is restricted to the
Figs. 5-10 where experimental and calculated values are jrticular problems of the present cases, and to the adopted
dicated by black and open squares, respectively. parametrization.

In case of®2Sm (Fig. 5 the present value is somewhat
lower than the accurate measurement of R6f. but still
compatible within a Z error band. The cross section given  The previous parameter systematics of the Sm-Eu-Gd re-
in Ref. [25] is certainly too large and can be ruled out, gion [42] was updated for the europium isotopes by an
whereas the first measuremdii7] agrees quite well. For analysis of the available experimental information. In par-
1545m (Fig. 6) there are few experimental results. While the ticular, neutron resonance schemes and discrete level infor-
oldest measurements suffer from large uncertainties, thmation were considered in detail in order for achieving a
value of Ref.[25] appears again too large, indicating a sys-realistic level density description. Neutron resonance
tematic effect in this experiment, possibly due to a contamischemes were also used for deriving the s-wave strength
nation of the sample by adsorbed humidi®g] or by a small  functions for characterizing the entrance channel as well as
Eu impurity. the competition among the exit channels.

The numerous, previous measurements of the large eu- Neutron resonancePue to the limited ensemble of ob-
ropium cross sections exhibit significant discrepandiégs.  served resonancgd3], several statistical methodmissing
7,8). For both stable isotopes, the present results confirm thievel estimator, truncated and segmented Porter-Thomas dis-
most recent datf24,29,30, whereas all data obtained in the tributions, stair case plotsvere used to determine the aver-
seventie§31-33 are systematically too high, possibly also age level spacingéD ¢, the average neutron widti$ ),
due to unnoticed humidity in the samples. The relativelyand thes-wave strength functionS,. The analysis was car-
large uncertainty of the present activation is caused by theied out in an iterative way until the different methods con-
very uncertainy-ray intensity in the decay of the first isomer verged to a consistent parameter set. This technique could
15l only be applied to statistically significant samples such as

In case of*®Er the cross sectiofFig. 9 was found much  ®¥Eu and *Eu, otherwise reliable results could not be ob-
larger than reported in the only previous measurem@&fit  tained.

Most of this difference of about 35%—which bears impor- Level densities The combination of the average level
tant consequences for the extrapolation to the unstable, prgpacings(D,¢, with the information from discrete level
torich nuclei of relevance for thp procesq35]—could be  schemes represents the necessary input for the Gilbert-
explained by the fact that the presently adopted x-ray inten€ameron approach of the level density. The level schemes
sities[36] are 25% lower. In view of the remaining discrep- for the europium isotopes are well investigated and fairly
ancy, a series of four activations was carried out to verify thecomprehensivg44—49. In principle, this should provide a
treatment of corrections and the evaluation of systematic urnsufficient basis for deriving reliable level densities. However,
certainties. In this context, it is important to note that activa-if this information is used to calculate the total radiative

The cross sections obtained in the various activations a:{\ates for the related uncertainties. The respective parameters

A. Evaluation of model parameters
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TABLE IV. Measured stellari§,y) cross sections compared with previous data.

Thermal @ (mb)
vr
Energy(keV) 1%%m  %%gm By 192gy By 92sg; 9%y 164y 170gy
Previous data
30 378+232 293+19% 1545+173%  4367+175%P 3170+3172 714+612 223+332
445+ 259 2630+ 200°
473+4° 2447 73¢
This work
25
SM1 47317
SM2 46717
SM3 480+ 17
SM4 218+9
SM4a 235-10
SM5 23710
SM5a 225-9
SM6 218-9
SMéa 224r9
EU1 1539+ 195 242375 277186
EU2 1586+ 201 252178 296592
EU3 1584+ 201 255879 290590
EU4 1597 203 2579-80 3024r94
ER1 1093+49 179-8
ER2 1113+42 186-8
ER3 1048+48 174-8
ER4 182+ 11
ER5 173+8
ER6 173+8
ER7 175+ 9
ERS 176+8
ER9 976+74 179-8
ER10 177+8
Mean value 47317 226+9 1577+ 200 2520+ 71 2917-82 107545 177.7%+7
30f 431+16 206+9 oo PPEEU) = 3736+210 2716:77 108451 1707

3Referencd 53] (recommended values based on all references before).1987
Sum of partial cross sections to ground state and isomer.

‘Referencd29].

dReferencd 30].

®Referencd6].

fExtrapolated from the measured 25 keV val(sse text and Table I

width according to the prescription of R¢&0], it turned out B. Calculated cross sections
that the experimental dafé3] could only be reproduced for In view of these rather unexpected problems, the optical

154y and 1% u. For the other investigated isotopes, thesg odel Hauser-FeshbactHF) prescription by the code

results were 20 to 50 % smaller than the experimental data._ .4 [51] could be adopted only for the odd-odd eu-
This discrepancy is confirmed by the behavior of the Ievelropium nuclei. For'SiEu, 53y, and SEu, these results

[ h hi h . . .
density parametem, the matching energyy, and the were complemented by a set of additional calculations with a

nuclear temperatur€,,., which were derived in this analy- . . . . .
sis as well. Also these values exhibit an irregular sprea&trength function model including width fluctuation correc-

compared to the well established overall systematics of Ref.
[42]. Therefore, an alternative approach was used as de-
scribed in the following section. !Available from the OECD NEA Data Bank, Paris.
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FIG. 5. The 30 keV (,7) cross section of*?Sm (extrapolated
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FIG. 7. The 30 keV K,7) cross section of*Eu (extrapolated
from the measured 25 keV data, shaded baothpared to previous
measurements(black squares theoretical calculations(open
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tions(codesAup [52]). In this approach the persisting uncer-

tainties of the statistical model parametéFable \) can be  tained with the HF approach were preferred over the more
avoided by using experimentally determined quantities, sucRchematic strength function model. For these results a 20%
as the strength functionSy, S,, radiative widthsI',,, and ~ uncertainty was estimated at typicaprocess energies.

observed level spacingdD,,o (Table VI). In the present The calculated ground state cross sections kat
case, the strength functions were derived from the systematic 30 keV are summarized in Table VII. Comparison with
trends of different evaluatior|4.5,43. the experimental data of Table IV shows that the present

The comparison of these calculations with the differentialHauser-Feshbach results obtained with local parameters as
cross sections reported in RéR4] showed that only the Well as theNON-sMOKERVvalues based on a global parameter
strength function model yields a satisfactory description ofS€t[48] describe the general trend with neutron number cor-
the cross section shape up to 1 MeV neutron energy, where&€ctly whereas previous calculatiof38,39,53 are system-
the HF results tend to overestimate the competition by neuatically underestimating thé>'Eu cross section and are too
tron inelastic channels abo\&.,,,, where the level density high for ***Eu. The only problem with th&oN-sMOKER cal-
treatment changes from the known discrete levels to a levequlation refers to''Eu, which is underestimated due to a
continuum. For most of the investigated europium isotopedocal deficiency of the finite range droplet mod&RDM)
this critical transition occurs between 300 and 400 keV[54]. The FRDM, which is used as input to define the micro-
Therefore, the present calculations were considered only upcopic correction in the global level density description,
to 400 keV, being aware that the proper treatment of theshows fluctuations in the reliability of predicting shell and

inelastic channel at higher energies requires detailed coupleRpiring corrections. In a previous cross section compilation
channel calculations. With this restriction the results ob-{53] the NON-SMOKER cross sections had been corrected for
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FIG. 6. The 30 keV K, y) cross section of*Sm (extrapolated FIG. 8. The 30 keV K,7) cross section of>*Eu (extrapolated

from the measured 25 keV data, shaded baodhpared to previous from the measured 25 keV data, shaded baodhpared to previous
measurements(black squares theoretical calculations(open measurements(black squares theoretical calculations(open
squarep and evaluated dat@pen circles squarep and evaluated dat@pen circles
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This complete set of experimental data represents an important teéauares and evaluated dat@pen circles

of theoretical cross section predictions for neutron deficient nuclei
in the p-process region(indicated by the dashed linePrevious
calculations of Rayef35], which were guided by the superseded
164Er cross section, led to an unrealistic extrapolatiomsses

In view of discrepant predictions in previous calculations
[38,39, the present study includes also the ) cross sec-
tions of the first five excited states in each target nucleus. In
|Ihese cases, the superelastic channel that accounts for neu-
tron scattering to one of the lower stateghere the scattered

eutrons gain in energywas properly taken into account.
The effective Maxwellian average cross sections were ob-
tained by weighting the values for the excited states with the
respective population probabilities.
C. Stellar enhancement factors The resulting enhancement factors for a thermal energy of
' kT=30 keV are compared in Fig. 11 and in Table VIII with

Many isotopes in the investigated mass region exhibit exthe corresponding values obtained with tReN-SMOKER
cited states at sufficiently low energies which are signifi-code using a global parametrizatifsb]. Figure 11 includes
cantly populated as-process temperatures. This means thatlso the results of previous calculatidrid8,39. The present
their (n,y) cross sections contribute to the Maxwellian av- calculation yields a reduction rather than an enhancement of
erage and have to be considered accordingly. This effect ithe cross sections under stellar conditions. This appears plau-
described by the ratio of the effective stellar average and thsible since the comparably large ground state spins of the
corresponding ground state value. Such stellar enhancementestigated europium isotopes imply that the excited state
factors SEF(0)%@/(o)" are expected to be much less cross sections are determined by average statistical weights
un certain than the cross sections themselves since part of tiealy. Therefore, the competition by superelastic scattering
theoretical uncertainties cancel out in the ratio. accounts for the smaller effective cross sections under stellar

these input deficiencies as a function of neutron numbe
These corrections to théoN-SMOKER cross sections yields a
81y cross section of 3920 mb, in excellent agreement wit
the experimental result, but are small for the heavier Eu iso
topes.

TABLE V. Level density parameters for the HF calculations with the coeRBERQ

Compound nucleus

lSlEu 152Eu 153Eu 154Eu 155Eu lSGEu
Ecu ® (MeV) 0.360 0.285 0.400 0.110 0.330 0.050
a (Mev)~?! 23.0:5.0 24.8:05  23.0:0.3 23203 21.2:0.6 22.5-0.4
Uy, (MeV) 5.9+0.5 5.2:0.5 5.9-0.3 5.2:0.3 5.5-0.6 4405
True (MeV) 0.58 0.53 0.58 0.55 0.59 0.53
Deformation® 0.198 0.205 0.225 0.239 0.245 0.252
Spin cutoff factor® 7.8 9.6 13.3 9.7 13.3 7.4
(Dopy (€V) 3.2d 0.7+0.1 0.25+0.04 1.2:0.3 0.9:0.1 2.1¢
T, (meV) 97+10 160+ 15 110+15 140+ 20 100+ 15

@Below this energy the known discrete levels were considered explicitly.

bReferencg 74].

‘Derived via maximum likelihood analysis of the experimental spin distributions of discrete levels.
dadopted from systematidg!2].
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TABLE VI. Evaluated strength functions for the SFM calcula-

tions with the codesaub. D. Adopted cross sections and decay rates

T The present results and the information from literature
arget nucleus ; . .
151, 1522, 153, 1542, 155, was u;ed to obtain a k_)est set of stellar cross sections in the
investigated mass region 18R <156. For the stable Sm,

Syx10°  4.0+05 3.6+1.2 2.4-03 1.8-0.2 1.6-0.4 Gd, and Dy nucl_ei, the recommended stellar cross sections of
S, X 10* 0.57 0.57 0.58 0.59 059 @ recen}stabulano@SZG] have been adopted. This holds true
for the ®Eu and >3 u cross sections as well, which had
been included in this tabulation.

diti While the old lculation&s. 39 d For the unstable isotopes a single experimental value was
conditions. While the older calcu atiori88,39 do not ex- 4 qiiable for 5%y [13]. In this case, additional systematic
hibit significant variations with mass number, the new datg,,certainties of 2.5. 5. 7.5. and 10 %. have been assumed for
(this work and theON-SMOKERresults[55]) show more pro-  he extrapolation to thermal energies of 25, 20, 15, and 10
nounced trends with a different odd-even pattern. keV, respectively. The missing cross sections of the branch

With respect to the branching analyses these results haygint nuclei 1>€u and '*“Eu were derived from calculated
the following consequence§) The stellar enhancement fac- data. In Fig. 12 the adopted values of the stable europium

tors of the stable isotopes exhibit differences of 10%. If thiSisotopes are compared with the present calculations and
is adopted as the remaining uncertainty, it determines thether result§38,39,53. Since the present calculation yields
uncertainty of the correspondirsgabundances. But since the a better description of the cross section trend with neutron
s components of the total abundances are small, this uncenumber, these values were adopted ¥ Eu and *>*Eu. For
tainty does not affect the-process distribution(ii) The fair ~ the two minor branch point$>3Sm and!%3Gd, the recom-
agreement for the branch point nuclei, on the other handnended cross sections of RE26] were used, which repro-

shows that the 20% uncertainties estimated for the grounduce the experimentally known cross sections of the neigh-
state cross sections can also be adopted for the stellar valuémring isotopes within- 16%.

TABLE VII. Calculated capture cross sectio(rab).

Neutron energykeV) Ground state cross sections
By 5%y 153y 4y 5%y Reference
1 38500 50000 33000 38300 15800 This work
10 8100 12700 6500 8250 2520
20 4980 8300 3950 5100 1510
25 4020 7200 3400 4380 1310
30 3480 6400 3000 3870 1160
50 2420 4650 2150 2800 860
100 1630 2850 1320 1710 550
200 1210 1550 710 700 280
500 490 550 410 205 110
700 360 350 305 140 85
1000 260 230 220 90 60
2000 135 95 110 35 32

Thermal energy

(kT=30 keV)
3470 5981 2894 3703 1154 This wofllocal)
2281 6309 2444 4169 1320 This woftglobal)
7600 4420 b
2860 5180 2840 4450 1730 c
3161 4032 2814 2989 2088 d

#Thermal average of ground state cross sections.
bReferencd26].
‘Referencd 38].
dreferencd 39].
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FIG. 12. The Maxwellian average cross sections of the eu-

the europium isotopes fdT=30 keV. ropium isotopes fok T=30 keV compared to calculated data sets.

The open squares with error bars are experimental data corrected
The cross section of the important branch point isotopédor stellar enhancement factors, the full squares are the adopted

1515m was taken from a previous calculatidri] where the  values for the unstable branch point nuclei.

same technique of constructing a local parameter systematics

was applied. This value, which is 40% smaller than the rec-

ommended cross section in REZ6], was combined with the the most important part. In add.ition, th“élsm rate is af-
stellar enhancement factor of RE&5]. The impact of this fected by bound stat@ decay which contributes a factor 2.5

cross section uncertainty will be discussed below. to the enhancement, and by the electron density in the stellar

Another important note concerns the stellar enhancemerlasma which causes aSS“th retardation~620%. Both
factor of 164Er. Existing calculations signify large differ- ©ffects are negligible for**Eu due to the higher decay en-
ences, the results ranging from 1.088], 1.12[39], up to €9y At a typicals-process temperature 0B310°°, the de-
1.24 [55], respectively. These differences bear significan;2Y 1S accelerated by factors of 30 and 300 fetsm and
consequences for the branchingdat 163 which testifies the *Eu, respectively.
electron density at the-process site. The adopted stellar
cross sections are summarized in Table IX.

The information on stellaB-decay rates for the proper
description of the reaction flow at the branch points has been
adopted from the tables of Ref56]. For both relevant
branch point nuclet®'Sm and®*Eu, the enhancement of the
decay rate is dominated g decays from thermally popu- The s-process reaction flow in the Sm/Eu/Gd region ex-
lated excited states. In case BSm, about 85% of the en- hibits a number of branching points as indicated in Fig. 1.
hancement are due to a single allowed transition from thdhe strength of these branchings is defined by the abun-
fourth excited state at 92 keV to the first excited state indances of thes-only isotopes'*’Gd and '*'Gd, which are
151Ey, whereas a number of transitions contribute to the stelshielded against th@-decay chains from the-process re-
lar *>Eu rate. Here, the first excited state at 68 keV providegion by their samarium isobars.

V. ASTROPHYSICAL IMPLICATIONS

A. The s-process branchings at*®'Sm and **Eu

TABLE VIIl. Stellar enhancement factors. TABLE IX. Adopted Maxwellian averaged cross sectignsb).

Thermal energykeV) Thermal energykeV)

Targetnucleus 10 15 20 25 30 40 Reference|sotope 10 15 20 25 30 40 Reference
151y 0.98 0.96 0.95 0.93 0.92 This work 1515, 4065 2869 2198 1850 158800 1286 & D
0.98 099 1.00 1.01 1.02 1.04 2
PR 1.00 0.99 0.98 0.95 0.93 This work 15, 7616 5645 4601 3896 343200 This work®
. 1.00 1.00 '1.00 0.98 094 088 ° £y 11900 9207 7615 6403 5562200 This work
Eu 1.001.00 0.99 0.98 0.97 Thiswork 15y, 4914 3906 3314 2920 26280 This work®
100 1.00 102 105 108 107 ° Iy 7780 5910 4704 3906 344F50 This work
Eu 1.00 0.99 0.96 0.93 0.93 This work 155z, 2830 2134 1764 1526 136@®4 d.b,c
1.00 1.00 1.00 0.98 0.95 090 2
15%€u 1.00 1.00 1.01 1.02 1.03 This work
1.00 1.00 1.00 1.00 099 098 @ dData of Ref.[11] complemented with SEF data from REB5].
bTemperature dependence adopted from F2S].
‘Complemented with present SEF data.
aReference[55]. dData of Ref[13] complemented witt, c.
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Since the rare earth elements are chemically nearly idertween Fe and Zr, was attributed to helium core burning in
tical, their abundance ratios are knowntd.3% on average massive starf62], while themain component occurs during
[57]. Hence, the following analyses can be normalized viahelium shell burning in low mass stars and accounts fosthe
the unbrancheg-only isotope'®°Sm. This allows to treat the abundances in the mass ranye 100. For the main compo-
branchings t0'®%Gd and '*Gd independent of each other. nent, irradiation of an iron seed by an exponential distribu-
Compared to a previous analy$§#3], which concentrated on tion of neutron exposures was assumed. With the further
the 1°%Gd/*>Gd ratio, this offers the advantage of separatingassumption of a constant neutron density and temperature,
the effects due to the stell@-decay rates of the branch point the s-process reaction flow is characterized in this approach
nuclei from thep-process corrections and from a possibleby the iterative expression
enhancement of the stellar neutron capture rat€#sd [7].

The resultings abundances of**’Gd and *‘Gd are 56 A 1\ -1
mainly determined by the branching poiff8Sm and***Eu. (0)Ng(A)= O_H (1+ —) : (4)
The branching at*®*Eu is required for determining the To =56 TiTo

s-process abundance 61°Gd, an important test for the iden-
tification of pures-process gadolinium in meteoritic material. ~ The two free parameters, the fracti@of the observed
The additional branchings df’Eu and**3Gd are too weak 5®Fe abundance required as seed, and the mean neutron ex-
to produce a noticeable effect on the abundance pattern. posurer,, are determined by fitting the empiricar)N; val-
ues of thoses-only isotopes that experience the entire reac-
B. Abundances tion flow. For the present analysis,

The s-process calculations presented in the following
were normalized to the solar abundance'®iSm. Though
the solar abundances of Sm, Eu, and Gd are given with un-
certainties of only 1.3, 1.6, and 1.497], an additional
uncertainty arises from possibfgprocess contributions to
the abundances of theonly isotopes. An empirical estimate
based on the abundances of negpbynly isotopes suggests
a large correction fort>2Gd of up to 50%[58]. However,
improved calculations[59—-61] have reportedp-process
yields of less than 12% for this isotope. Tpgrocess yields
for ¥Gd and *°Sm are below 1.5 and 0.2 %, respectively f_ Ag ®)
[35], and, therefore, less critical. Another contribution to the ’3_)\3+ Ao’
152Gd abundance comes from th@rocess in massive stars,
which is estimated to account for about 6% of the solar valu
[62].

Apart from the p-process corrections, there is also the
problem of mass fractionation in the experimental determi

nation of the is.o_topic compositid@S]. This difficulty refers averaged capture cross section). The adopted half-lives
to the com_p_osmon of solar gadolinium as well as to 'ghat Ofand Maxwellian averaged cross sections are discussed above,
the meteoritic samples. Presently, the related corrections ae | the neutron density = (4.1-0.6) 1¢ cm 3, was
still unknown, but a conservative assessment suggests an a9ken from Ref[11] n R '
ditional uncertainty of 0.6% for the isotopic ratio 6P*Gd '

and ®1Gd due to mass fractionation.

1/2

M mb~1 (5)

70=(0.296+0.003 30

has been adopted from R¢2], whereas G was defined by
normalization to the )N value of *°Sm.

Branchings in thes-process path have to be treated sepa-
rately [64,68 via the branching factors

e)\ﬁ=ln 2fty, andN,=n, vy (o) being the rates fopB de-

cay and neutron capture. The relevant quantities in these ex-
pressions are th@ half-lives t;,,, the neutron density,,,

‘the mean thermal neutron velocity, and the Maxwellian

The combined effect of the branchings in Fig. 1 can be
deduced from the o)Ng ratios of the partially bypassed
s-only isotopes'®Gd and*%4Gd relative to*°Sm, which is

C. s;process models exposed to the entireprocess flow. Since the neutron den-

Analyses of thes-process reaction flow in the Sm/Eu/Gd sity is defined by the branchings in the neodymium/
region were carried out by means of the classical approachromethium region, reproduction of th&*Gd and '*'Gd
and are compared with a stellar model for helium shell burnabundances requires the proper choice of the effective stellar
ing in low mass stars. Only a brief sketch of these models i¢gemperature via the temperature-depenggwlecay rates of
given here since a more detailed description can be founthe branch point isotopes, mainly 6¥'Sm and***Eu.
elsewherd 64,65. Though the classical approach has been challenged by

The purely phenomenological classical approach was forthe recent improvement of stellafprocess models for low
mulated before stellar models for the helium burning stagenass stargsee below it is still a good approximation be-
were availablg66,67]. Since then, it became a useful tool, tween magic neutron numbers. Current stellar models for
not only for reproducing the abundances but also for char- describing the mairs-process component in the mass range
acterizing the physical conditions during teg@rocess in an A>100 refer to helium shell burning in thermally pulsing
empirical way. Meanwhile, the two components of the clasdow mass AGB star$69]. This scenario is characterized by
sical approach could be assigned to stellar scenarios. THbe subsequent operation of two neutron sources during a
weakcomponent, which is important in the mass range beseries of subsequent helium shell flashes. First, the
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3C(a,n)*®0 reaction occurs under radiative conditions dur-1°2Gd abundance. If an additional 20% contribution from the
ing the intervals between the He-shell burning episodesp process and from thg process in massive stars is consid-
While the 1*C reaction provides most of the neutron expo-ered, the!5Gd abundance constrains the temperature to val-
sure at low temperaturekT~8 keV) and neutron densities ues neakT=30 keV. Though variation of the neutron den-
(n,<10" cm™3), the resulting abundances are modified by asity in runs 4 and 7 to 9 has also a significant impact on the
second burst of neutrons from ttféNe(a,n)**Mg reaction,  abundances of5?Gd and 18“Er, these changes must be re-
which is activated during the next convective instability, stricted to a narrow range of (4:5.3)x 10° c¢m™ 2 because
when high peak neutron densities 0f<10' cm > are  of the very well-defined™*8Sm abundance. These calcula-
reached atkT~23 keV. Although this second burst ac- tions show inherent problems since there is obviously no
counts only for a few percent of the total exposure, it isreasonable combination of parameters that can reproduce all
essential for adjusting the abundance patterns of theyur s-nuclei in the considered branchings. In particular,
s-process branchings. none of these cases produces enoddsd and none can

Accordingly, the branchings can serve as sensitive testgconcile the'®Er production(which favors higher neutron
for the interplay of the two neutron sources as well as for thejensities without overproducing®*Sm, which is defined
time dependence of neutron density and temperature duringith an uncertainty of 1%.
the second neutron burst. In this context, it is important to The lower part of Table X refers to calculations where the
note that the if,y) cross sections in Sm/Eu/Gd region are pm cross sections of Toukaet al. [11] have been replaced
large enough that typical neutron capture times are signifipy the significantly larger estimates suggested in [R28].
cantly shorter than the duration of the two neutron expo-The consequence of this change is obviously a corresponding
sures. Hence, the final abundance patterns are determined @tuction in neutron density, which must be compensated by
the freeze-out conditions of téNe phase, regardless of the |ower temperatures and electron densities in order to acco-
situation after the'3C phase. modate thel®Er abundance.

Such models were shown to exhibit remarkably similar  The sensitive influence of th®Sm cross section on the
conditions for a range of stellar masses &M/Mo=<3)  1535d abundance is illustrated in the bottom line of Table X.
and metallicities ¢ 0.4<[Fe/H|<0) [70]. The actual The 50% increase in th®Sm cross section by replacing the
neutron-capture nucleosynthesis efficiency in each star d%rdopted valud11] by that of Ref.[26] translates immedi-
pends on the meta”iCity, the choice of the amouni%ﬁ that ate|y into a Corresponding 50% decrease in %F]?ed abun-
is burnt, and its profile in the intershell region, i.e., what hasgance.
become known as the®C pocket.” Since the formation of  Obviously, none of the existing data sets does result in
this pocket is difficult to describe in a self-consistent way, satisfactory solutions, a dilemma that underlines the impor-
current calculations of AGB nucleosynthesis have still to betance of the cross sections for the unstable branch point nu-
based on a plausible parametrizatideee, e.g., Refs. clei ’Pm, 8Pm, and®!Sm. Therefore, vigorous efforts
[65,70). The calculations cited below Ref2] refer to a  are necessary towards direct measurements on these radioac-
model of 2 Mg and a metallicity 0.5Z¢,, which can be tive isotopes. Plans for such attempts exist presently for
considered as representative for #iprocess conditions on  14’pm and 15lSm. In addition to the mere cross sections,
the AGB, and has been shown to match the solar maitellar enhancement factors represent another serious prob-
s-process component fairly well. lem. The fact that recent predictiofi6] differ significantly

from earlier calculation§38], i.e., for the key isotopé®Er,
illustrates the need for more detailed theoretical studies as
D. Branching Analyses well as for complementing experiments.

) , ) An improved set of stellarr(,y) data is not only needed
Based on the improved cross section data a series Qf jnvestigate the emerging inconsistencies of the steady

branching anglyses has been carried to derive gstimates fefassicals process in more detdil], but are most important
neutron density, temperature, and electron density by meangh respect to the yet uncertain stellar models for He burn-
of the classical model. These results are listed in Table X fofng in low mass AGB stars. Theprocess branchings in the

two cross section sets. In the upper part, the present Eu dajignthanide region represent unique tests for these rather com-
are combined with the Pm cross sections of Toukaal. plex AGB models. For the example of the 81, mass

[11], all other values being adopted from the recent compiygge| outlined before, Arlandirét al. [2] have shown that
lation of Baoet al.[26], whereas the lower part shows casesi,q branchings at®'Sm and 15%Eu are significantly better
where all cross sections are taken from this compilation. reproduced by this approach, yielding 88 and 95% of the
In runs 1 to 4 standard neutron density and temperaturg, 5 15254 and 54Gd abundance respectively. Since the
—3 _ ! )
values of 4.x10° cm™® and kT=30 keV were used. sensitivity of this test depends obviously on the quality of the

VgriatioPG of the electron density indicates that thenclear physics part, a more reliable assessment of these data
critical 4'?2 abundance can be best reproducedripr6 i ingispensable in order to reach a conclusive situation.
x10%% cm 2 if a 6% fraction is allowed for the predicted

p-process contribution. The response of {i&d abundance

to the electron density is considerably weaker. The compa-
rably strong effect of temperature is illustrated in runs 3, 5, The present attempt to improve the data basis for
and 6 where small changes result in fairly large steps in the-process studies in the important lanthanide region includes

VI. SUMMARY
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TABLE X. Branching analyses using the classical approach.

N./Ng (%) @ Abundance pattern
Run Parameters 148sm ael 154Gd 164 acceptable?
Pm and'®'Sm data: Ref[11];
Eu data: this work; all other data: R¢R6].
1 n41t30e15° 101.5 72 88 72 no
2 n41t30el10 101.5 77 88 84 no
3 n41t30e5 101.6 82 88 96 no
4 n41t30e6 101.6 81 88 93 almost, except’Gd
5 n41t29e5 101.5 74 87 93 no
6 n41t31e5 101.9 90 90 98 no
7 n35t30e6 103.6 94 91 80 no
8 n47t30e6 99.6 71 86 72 no
9 n44t30e6 100.6 76 87 74 no
10 n45t31e6 100.5 82 88 74 no
Same set of cross sections, but Pm data adopted fronm Z6if.
11 n41t30e6 100.5 82 88 74 no
12 n30t30e6 99.2 108 93 85 no
13 n30t28e6 99.1 88 90 82 no
14 n30t27e4 99.1 82 89 87 almost, except'Gd
Same set of cross sections, BatSm adopted from Ref26] as well
15 n30t30e6 99.2 74 92 85 no
Expected values for acceptable abundance pattern

100 82 98 94
<12% <2% ~6% p process
~6% Massive stars

@Uncertainties ofN, are <1.4% for all listed isotopes, whereas tNg contributions depend only on the
listed parameters of the stellar plasiitiae Sm and Gd cross sections being known to better thap2&}h
b(n,=4.1x10° cm 3, kT=30 keV, n,=15x 10?® cm 3).

cross section measurements on six Sm, Eu, and Er nuclesbserved for the enhancement effect due to excited states.
With these results previous discrepancies among the Eu dalhese problems as well as previous discrepancies for the
could be resolved, while the important cross section of thealculated Pm cross sectiofisl,55 suggest that a consistent
sonly isotope®Er has been established with improved ac-theoretical description of these crucial data over a wider
curacy. The experiments were carried out by repeated actmass range should be envisaged. Experimental efforts to de-
vations with particular emphasis on the experimental studyermine the cross sections of some unstable nuclei will con-
of the rela_lted systematic uncertainties. _ stitute an essential part of such a study.

As an important complement to the cross sections mea- The astrophysical analysis and interpretation of the inves-
surements, statistical model calculations were performed Hgated branchings of the-process path was found to be

order to determine the missing cross sections of the U”Stab|%ther ambiguous due to the presently remaining uncertain-

branch point nuclei as well as t'he effect of thermally excite ies in the theoretical data. Nevertheless, the fact that the
nuclear states. These calculations were concentrated on t

&nonicals process did not allow for a consistent description

sequence of Eu isotopes and were based on a local Parameteline various branchings seems to support the analysis of
set which was consistent with the known experimental infor- 9 PP y

mation in this mass region. Additionally, a Hauser—Feshbacﬁ‘rlamd'r.‘I et al. [2], where this approach was questloneq on
model based on global parameters was used for comparisdf€ Pasis of the abundance pattern of the neutron magic nu-
and to determine stellar enhancement factors. The cross sed€l With N==82. However, a final conclusion on this point as
tion trend with neutron number is well described by theWell as on the performance of more complex stestrocess
present calculations, in contrast to earliar work based on glgnodels can only be made with improved nuclear physics
bal parameter set38,39. Significant differences are also data for the unstable branch point nuclei.
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