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s-process branchings at151Sm, 154Eu, and 163Dy
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The (n,g) cross sections of the stable europium isotopes151Eu and153Eu have been measured by irradiating
oxide samples in a quasistellar neutron spectrum. From the induced activities, the stellar cross sections of151Eu
and 153Eu at a thermal energy ofkT530 keV were found to bê sv&/vT538216152 mb and 2733
6110 mb, respectively. These results allowed us to resolve severe discrepancies among previous data. Similar
activation measurements were also performed on152,154Sm and164,170Er. Among these results, the stellar cross
section of thes-only isotope164Er ^sv&/vT51084651 mb atkT530 keV is particularly important. Statis-
tical model calculations were performed with emphasis on the effect of excited states as well as on the unstable
isotopes151Sm, 152Eu, and154Eu. The combined set of cross sections was used for an updated analysis of the
branchings atA5151, 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.

DOI: 10.1103/PhysRevC.64.015801 PACS number~s!: 25.40.Lw, 25.70.Gh, 27.70.1q, 97.10.Cv
e

y
th
t
es
el
u
-
th

ec

c

ex
p

a

in
u

e
th

by
is
dies
rn,
as-

-

y-
ed
e
ion
r
ed

red

ith
I. INTRODUCTION

The mass region of the rare earth elements~REEs! from
lanthanum to lutetium is of special importance fors-process
studies for the following reasons.

~i! Since the REEs are chemically almost identical, th
relative abundances are known to better than 2%@1#. Ac-
cordingly, the comparison of thes-process yields obtained b
model calculations with the observed abundances of
s-only isotopes can be made at a confidence level tha
comparable with the obtainable cross section uncertainti

~ii ! The REEs comprise isotopes with very different st
lar (n,g) cross sections ranging from the 11 mb of the ne
tron magic nucleus140Ce to values around 3000 mb ob
served for the odd-odd europium isotopes. This means
the abundances of the lightest REE can be used to probe
s-process reaction flow with respect to the bottle neck eff
of the small cross sections at magic neutron numberN582,
which has recently been noticed to constrain thes process in
thermally pulsing stars on the asymptotic giant bran
~AGB! @2#.

On the other hand, the majority of the REE isotopes
hibit sufficiently large cross sections to satisfy the local a
proximation Ns^s&5const, which implies that equilibrium
had been established in thes-process reaction flow. In this
case, thes abundances can be described by the schem
classical approachindependently from particulars-process
models.

~iii ! The REE region includes a number of branchings
thes-process path. From the analysis of the respective ab
dance patterns, the main parameters—neutron densitynn ,
temperatureTs , and mass densityrs—characterizing the
physical conditions during thes process can be derived. Th
determination of these parameters is greatly facilitated by
0556-2813/2001/64~1!/015801~15!/$20.00 64 0158
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well defined relative abundances of the REE as well as
the validity of the local approximation. In particular, th
second aspect is important since it allows consistent stu
of these branchings within the classical approach. In tu
these branchings constitute important tests for various
pects of stellars-process models.

Figure 1 illustrates thes-process reaction flow in the in
vestigated mass region with the major branchings at151Sm
and 154Eu which are defined by thes-only nuclei 152Gd and
154Gd, respectively. While these two nuclei are partly b
passed in thes process, the total reaction flow is represent
by the neighborings isotope150Sm. Both branchings can b
considered ass-process thermometers since the competit
between neutron capture andb decay is affected at stella
temperatures by the thermal population of low-lying excit
states with shorterb lifetimes.

~iv! Significant isotopic anomalies have been discove

FIG. 1. Thes-process reaction path in the Sm/Eu/Gd region w
the important branchings atA5151 and 154.
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in SiC grains from certain meteorites for several of the RE
@3–5#. If these anomalies can be confirmed to be of p
s-process origin, they can be used for probing the trans
processed material to the stellar atmosphere and the resu
enrichment of the circumstellar envelope. For the identifi
tion of thes origin, accurate cross section data and the d
consideration of possible branchings are mandatory.

In the course of a comprehensives-process investigation
of the REE region, so far 29 stellar (n,g) cross sections hav
been determined with significantly improved accuracy us
the Karlsruhe 4pBaF2 detector @6–10#. In addition, five
stable@11,12# and two radioactive@13,14# isotopes were in-
vestigated by activation in a quasistellar neutron spectr
This data set was complemented by statistical model ca
lations based on a consistent local parameter system
@15#.

In the present work, cross section measurements
152,154Sm, 151,153Eu, and164,170Er are reported which aim a
resolving the differences and inconsistencies of previ
data. In addition to these experiments, which are describe
Secs. II and III, improved Hauser-Feshbach calculati
were performed with updated input parameters~Sec. IV!.
The impact of these results on thes-process branchings a
151Sm and154Eu are discussed in Sec. V.

II. MEASUREMENTS

The measurements were carried out with the activa
technique by irradiating sets of Sm, Eu, and Er samples
quasistellar spectrum as described elsewhere@11,16#. The
neutron spectrum was obtained by bombarding 30mm thick
metallic lithium targets with protons of 1912 keV energy,
keV above the reaction threshold of the7Li( p,n)7Be reac-
tion, which then yields a continuous neutron energy distri
tion with a high energy cutoff atEn5106 keV. The result-
ing neutrons are emitted into a forward cone with 12
opening angle. The angle-integrated spectrum peaks a
keV and exhibits almost exactly the shape required to de
mine the proper cross section average^sv&/vT correspond-
ing to the stellar cross section for a thermal energy ofkT
52560.5 keV @17#. Hence, the reaction rate measured
that spectrum yields immediately the stellar cross sectio
the respective temperature. Detailed information on
present work can be found in Refs.@18,19#.

A. Samples

All Sm, Eu, and Er samples were prepared from ox
powder. In order to eliminate adsorbed water and to stabi
this fairly hygroscopic material, the powder was heated
1300 K for 1 h, then pressed to thin pellets, which we
again heated to 1300 K for another hour. After this tre
ment, the sample weight was repeatedly determined wi
microbalance and was found to be constant throughout
measurements, at least within the610 mg uncertainty of the
balance.

For the samarium samples isotopically enriched mate
was available containing 99.060.2 and 98.660.2 % 152Sm
and 154Sm, respectively. The europium oxide was specifi
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with a chemical purity of 99.99%. Since relatively large u
certainties of 3 and 1.5 %@20,21# are assigned for the isoto
pic composition of natural Eu, the sample material was ch
acterized by mass spectroscopy to contain 4
60.3 % 151Eu and 52.160.3 % 153Eu. For the Er activa-
tions, ten samples were prepared, seven for the determina
of the 170Er and three thinner samples for the164Er cross
section. The respective uncertainty in the isotopic compo
tion of 1.3% was adopted from Ref.@22#.

For all studied isotopes, the sample dimensions were
ied with respect to diameter and thickness~Table I!. This
principle of modifying the relevant parameters was cons
ered as an important test for the respective corrections
for a quantitative estimate of the related systematic unc
tainties. With the different sample dimensions, the geome
effect of the divergent neutron field and the absorption los
in the subsequent activity measurement could be checke
this way. In order to keep the absorption losses small, r
tively thin samples had to be used for the two samari
isotopes and for164Er, since the induced activities were cha
acterized by softg radiation and by x rays in the latter cas
~Table II!.

B. Irradiations and activation measurements

The experimental setup was the same as reported p
ously ~Ref. @11#, and references therein!. The activations
were carried out at the Karlsruhe 3.7 MV Van de Gra
accelerator with beam currents between 70 and 140mA.
The investigated Sm, Eu, and Er samples were sandwic
between 0.03 mm thick gold foils of the same diameter
normalization to the well-known (n,g) cross section of
197Au (648610 mb atkT525 keV! . This normalization
accounts directly for the definition of the stellar cross s
tion; to obtain the straight spectrum-averaged cross secti
the present results have to be multiplied by a factorAp/2
~for details see@17#!.

In all activations the neutron yield was continuous
monitored in intervals of 20 s by a6Li glass detector at
;1 m distance from the target. This information allowed
correct the fraction of activated nuclei, that decayed alre
during the irradiation, for a possible time-dependence of
neutron yield. This correction can be significant if the irr
diation time is comparable to or longer than the half-life
the induced activity and if this half-life differs from the gol
standard. Accordingly, different irradiation times were ch
sen to control this correction~Table I!.

The inducedg activities were counted by means of
shielded 76 cm3 high purity Ge-detector~HPGe! with 1.7
keV resolution at 1.33 MeVg-ray energy. The counting ge
ometry was defined by a special adapter to the detector
by which the samples were positioned at a distance of 80
from the detector. The detection efficiency, which peak
near 60 keV, was determined in the relevant energy ra
between 15 and 1408 keV to61.5% by a set of calibrated
sources.

The induced activities of the isotopically enriched s
marium samples are characterized by relatively softg spec-
tra. As an example, Fig. 2 shows the spectrum measu
1-2
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TABLE I. Activations and sample characteristics.

Samples

Isotope Activation Irradiation Time~h! Diameter~mm! Thickness~mm! Total mass~mg!

152Sm SM1 15.9 6 0.2 28.660.01

SM2 9.5 6 0.4 47.960.01

SM3 6.1 6 0.4 47.060.01

154Sm SM4/SM4a 0.3 / 0.7 6 0.4 49.860.01

SM5/SM5a 0.3 / 0.7 6 0.8 98.560.01

SM6/SM6a 0.3 / 0.7 6 0.7 83.860.01

151,153Eu EU1 16.8 10 1.0 328.160.01

EU2 10.0 5 1.1 93.660.01

EU3 16.7 10 1.0 313.760.01

EU4 7.8 5 1.2 100.960.01

164Er ER1 5.2 6 0.2 30.060.01

ER2 5.3 6 0.2 30.160.01

ER3 3.4 6 0.2 30.360.01

170Er ER4 7.2 6 0.7 91.460.01

ER5 14.0 6 0.4 52.760.01

ER6 4.9 6 0.4 53.660.01

ER7 12.2 6 0.5 61.360.01

ER8 6.4 10 0.6 221.460.01

ER9 4.8 10 0.5 169.860.01

ER10 4.6 10 0.6 208.260.01
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after activation SM2. Only the transitions marked by arro
could be used for analysis since the intensities of the w
lines between the peaks at 69.7 and 97.4 keV are rather
certain. The remaining line at 122 keV is due to an isoto
impurity.

Immediately after the europium activations, the induc
activities exceeded 106 Bq and were dominated by the deca
of the first isomer in152Eu. Of the six prominent lines in this
decay, the well known transitions with 344, 842, and 9
keV energy were used to determine the partial (n,g) cross
section for populating this isomer. Subsequent to the m
surement of the partial cross section a waiting time of
days corresponding to 25 half-lives of the isomer was
served before counting the low activities from the decay
the long-lived ground states. One of these spectra, wh
were accumulated over 40 to 70 h, is shown in Fig. 3. Dow
ward and upward arrows indicate the respective152Eu and
154Eu lines which were used in data analysis. All remaini
lines were not considered since they are either too wea
too uncertain.

The analysis of the erbium activations ER1 to ER7
obtaining the170Er cross section was based on the strong
g-ray line at 308.3 keV since the other transitions are mu
weaker and more uncertain. In case of164Er, there are nog
transitions in the EC decay of165Er. Accordingly, the in-
duced activities had to be determined via the emitted H
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rays as shown in Fig. 4. Since natural erbium samples w
used in the activations, the decay of the coproduced hea
Er isotopes gives rise to corresponding x-ray lines from
decay of their respective Tm daughters. The separation o
Ho-Ka line from this Tm feature reveals an additional com
ponent from the x-ray fluorescence effect in the Er sam
itself. The correction of the Ho line for the contribution from
neutron captures in162Er could be minimized because of it
shorter half life of 1.25 h. After waiting times of about 10
between activation and counting the corresponding cor
tions were smaller than 0.5%. Since the resolution was
sufficient to resolve theKa1 andKa2 lines, the sum of their
intensities was used in the analysis. In total, nine, four, a
ten activations were carried out with the Sm, Eu, and
samples, respectively~Table I!.

III. EXPERIMENTAL CROSS SECTIONS

A. Data analysis

The net countsCg of a particularg-ray line in the spectra
taken with the HPGe detector can be expressed as

Cg5AKgegI g f wf m , ~1!

whereA denotes the total number of activated nuclei at
end of irradiation. The corrections forg-ray self-absorption
1-3
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TABLE II. Decay properties of the product nuclei.

Product nucleus Half-life g-ray energya ~keV! Intensity per decay (%)

153Sm 1.94660.004 d 69.7 5.2560.25b

97.4 0.7360.02b

103.2 28.3060.60b

155Sm 22.360.2 min 104.3 74.661.9c

141.4 1.9760.08c

152m1Eu 9.27460.009 h 344.3 2.4460.30d

841.6 14.662.1d

963.4 12.061.7d

152gsEu 13.54260.010 yr 244.7 7.4960.13d

344.3 26.660.28d

778.9 13.7960.13d

964.1 14.3460.20d

1112.1 13.560.2d

1408.0 20.8760.11d

154Eu 8.59360.004 yr 247.9 6.9160.05e

591.8 4.9660.04e

723.4 20.1160.14e

756.8 4.5460.04e

873.2 12.2060.08e

996.3 10.5360.07e

1004.8 17.9060.11e

1274.5 34.560.26e

165Er 10.3660.03 h Ka1 47.55 38.3260.4f

Ka2 46.70 21.5060.4f

171Er 7.5260.03 h 308.3 64.462.5g

198Au 2.69660.002 d 411.8 95.560.1h

aProminentg-ray lines used in data analysis.
bReference@71#.
cReference@49#.
dReference@45#.

eReference@48#.
fReference@36#.
gReference@72#.
hReference@73#.
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Kg were calculated with the absorption coefficients of R
@23#, and were always smaller than 2.5%. The only exc
tions were softg lines at 141 keV from155Sm and at 69.7
keV line from 153Sm which required corrections between 4
and maximal 20 %, respectively. A similar correction of 22
had to be applied in case of the 47 keV x-ray lines fro
165Er. The efficiency of the HPGe detectoreg was measured

FIG. 2. Theg-ray spectrum of the activated152Sm sample after
activation SM2.
01580
.
-
to 61.5%, and the relativeg-ray intensities per decayI g
were adopted from literature~Table II!. The time factorsf w
5e2ltw and f m5(12e2ltm) account for the fraction of nu-
clei that decay during the waiting time between activati
and counting and during the measurement itself@16#, andl
is the decay constant of the respective product nucleus. C

FIG. 3. Theg-ray spectrum of the activated europium samp
after activation EU1. Lines from the decay of152Eu and154Eu are
indicated by downward and upward arrows, respectively.
1-4
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rections for coincidence summing were always less t
about 1% due to the smallg-ray efficiency and are, there
fore, not listed explicitly. The total number of activated n
clei A is given by

A5F totNs f b, ~2!

whereF tot5*F(t)dt is the time-integrated neutron flux,N
the sample thickness, ands the spectrum-averaged neutro
capture cross section. The time factorf b corrects for the
decay during activation, including the effects due to tim
variations of the neutron flux~for a definition see Ref.@16#!.
Since the integrated neutron flux is determined by the g
foils on both sides of the investigated sample, corrections

FIG. 4. The x-ray spectrum of the activated erbium sample a
activation ER1. The Ho-Ka doublet from the decay of163,165Er can
be well separated from the corresponding Tm component due to
169,171Er decays and also from the Er fluorescence lines. The qu
of the fit is indicated by the difference spectrum.
01580
n
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target geometry as well as for neutron scattering and s
shielding are accounted for by averaging the induced ac
ties of the two gold foils. Hence, the ratio for induced activ
ties in the respective target and reference samples is give
very good accuracy by

Ai

AAu
5

s iNi f b,i

sAu NAu f b,Au
. ~3!

In case of152Eu activity, the different components from
the partial cross sections to the isomer and the ground s
could easily be distinguished by the very different half-liv
of 9.3 h and 13.5 yr.

B. Discussion of uncertainties

The experimental uncertainties are summarized in Ta
III where the investigated reactions are indicated by the
spective product nuclei. For151Eu the partial cross section
to the isomer and to the ground state in152Eu are listed
separately.

Significant contributions to the overall uncertainty orig
nate from the gold reference cross section, the efficiency
the HPGe detector, and from the difference in neutron flux
measured by the two gold foils. The samarium cross sect
and—in particular—the partial cross section to the isom
152mEu are strongly affected by large uncertainties of t
respectiveg intensities~Table II!. Any improvement of these
data would, therefore, be important. The effect of the div
gent neutron flux was estimated from the activities of t
gold foils, 20% of that difference being assumed as the c
responding uncertainty.

r
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3

2

5

TABLE III. Compilation of uncertainties.

Uncertainty (%)
Source of uncertainty 198Au 153Sm 155Sm 152m1Eu 152g.s.Eu 154Eu 165Er 171Er

Gold cross section 1.5
Isotopic composition 0.1 0.2 0.2 0.3 0.3 0.3 1.3 1.
Time factorsf w , f m , f b

Counting statistics 0.3 0.1 0.1 0.4 0.4 0.3 0.4 0.
Self-absorptionKg 0.8 0.8 0.3 0.3 0.3 2.5 0.2
Efficiency ratio relative to Aug rays 1.5 1.5 1.5 1.5 1.5 1.5 1.5
Gamma-ray intensity per decayI g 0.1 2.1 2.6 12.4 0.5 0.7 0.4 2.5
Difference in neutron flux ,1.5 ,1.5 ,1.5 ,1.5 ,1.5 ,1.5 ,1.5
Spectrum cutoff at 106 keV 1.0 0.5 0.5 0.5 0.5 0.

Total uncertainty(kT525 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 tokT520 and 30 keV 0.5 2.0 0.5 2.0 0.5 0.5
Extrapolation tokT510 and 50 keV 1.0 4.0 1.0 4.0 1.0 1.0
1-5
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Though the experimental spectrum represents a very g
approximation of the thermal situation, the cutoff at 106 k
requires a small correction if the investigated cross sect
exhibit a different energy dependence than the gold refere
cross section. This problem of the cross section shape af
also the extrapolation of the measured 25 keV cross sect
to other thermal energies, in particular tokT530 keV,
which is commonly used for the comparison ofs-process
data. Since differential (n,g) cross sectionssn,g(En) were
available for152Sm @6#, for both europium isotopes@24#, and
for 170Er @25#, the correction for the spectrum cutoff could b
determined reliably in these cases. For154Sm and164Er, dif-
ferential data were still missing. Therefore, the theoretica
predicted energy dependence@26# was adopted in both case
resulting in a correspondingly larger uncertainty for this c
rection. Since the statistical uncertainties from the activ
measurements were practically negligible, the final unc
tainties are determined by systematic effects and are, th
fore, comparable to those of the individual activations.

C. Results and comparison with previous data

The cross sections obtained in the various activations
summarized in Table IV. In all cases, the differences am
these results are well within the estimated uncertainties,
confirming the procedures applied in data analysis. The c
sections from this work are compared with previous data
Figs. 5–10 where experimental and calculated values are
dicated by black and open squares, respectively.

In case of152Sm ~Fig. 5! the present value is somewh
lower than the accurate measurement of Ref.@6# but still
compatible within a 2s error band. The cross section give
in Ref. @25# is certainly too large and can be ruled ou
whereas the first measurement@27# agrees quite well. For
154Sm ~Fig. 6! there are few experimental results. While t
oldest measurements suffer from large uncertainties,
value of Ref.@25# appears again too large, indicating a sy
tematic effect in this experiment, possibly due to a conta
nation of the sample by adsorbed humidity@28# or by a small
Eu impurity.

The numerous, previous measurements of the large
ropium cross sections exhibit significant discrepancies~Figs.
7,8!. For both stable isotopes, the present results confirm
most recent data@24,29,30#, whereas all data obtained in th
seventies@31–33# are systematically too high, possibly als
due to unnoticed humidity in the samples. The relativ
large uncertainty of the present activation is caused by
very uncertaing-ray intensity in the decay of the first isome
152m1Eu.

In case of164Er the cross section~Fig. 9! was found much
larger than reported in the only previous measurement@34#.
Most of this difference of about 35%—which bears impo
tant consequences for the extrapolation to the unstable,
torich nuclei of relevance for thep process@35#—could be
explained by the fact that the presently adopted x-ray int
sities@36# are 25% lower. In view of the remaining discre
ancy, a series of four activations was carried out to verify
treatment of corrections and the evaluation of systematic
certainties. In this context, it is important to note that activ
01580
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tions with the same samples resulted in170Er cross sections
which are perfectly consistent and in good agreement w
previous data@25,37# ~see Fig. 10!. Another improvement
compared to Ref.@34# was that the spectra were analyz
with a special code which allowed to fit the x-ray line shap
properly @14#.

Figures 5–10 include the previous cross section calc
tions of Refs.@38,39# with estimated uncertainties of typi
cally 50%. In general, these values are in fair agreement w
the present measurements, except for the samarium c
sections of Harris@39#, which are two times larger than th
experimental data.

IV. STATISTICAL MODEL CALCULATIONS

Refined statistical model calculations have been p
formed on the basis of alocal systematics of the relevan
model parameters in the mass range of interest, includin
much experimental information as possible. This set of
rameters is required to be internally consistent, and
spread of the data in this systematics compared to a sm
trend with mass number can be used to obtain realistic e
mates for the related uncertainties. The respective param
for the isotopes of interest can then beinterpolated with
some confidence. This concept and the related techniq
have been described extensively in previous publicati
@40,41#. In the following, the discussion is restricted to th
particular problems of the present cases, and to the ado
parametrization.

A. Evaluation of model parameters

The previous parameter systematics of the Sm-Eu-Gd
gion @42# was updated for the europium isotopes by
analysis of the available experimental information. In p
ticular, neutron resonance schemes and discrete level in
mation were considered in detail in order for achieving
realistic level density description. Neutron resonan
schemes were also used for deriving the s-wave stren
functions for characterizing the entrance channel as wel
the competition among the exit channels.

Neutron resonances. Due to the limited ensemble of ob
served resonances@43#, several statistical methods~missing
level estimator, truncated and segmented Porter-Thomas
tributions, stair case plots! were used to determine the ave
age level spacingŝDobs&, the average neutron widths^Gn&,
and thes-wave strength functionsS0. The analysis was car
ried out in an iterative way until the different methods co
verged to a consistent parameter set. This technique c
only be applied to statistically significant samples such
151Eu and 153Eu, otherwise reliable results could not be o
tained.

Level densities. The combination of the average lev
spacings^Dobs&, with the information from discrete leve
schemes represents the necessary input for the Gilb
Cameron approach of the level density. The level schem
for the europium isotopes are well investigated and fa
comprehensive@44–49#. In principle, this should provide a
sufficient basis for deriving reliable level densities. Howev
if this information is used to calculate the total radiati
1-6
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TABLE IV. Measured stellar (n,g) cross sections compared with previous data.

Thermal ^sv&
vT

~mb!

Energy~keV! 152Sm 154Sm 151Eu→152m1Eu 151Eu→152g.s.Eu 153Eu 164Er 170Er
Previous data

30 378623 a 293619 a 15456173a 43676175a,b 31706317a 714661 a 223633 a

445625 d 26306200c

47364 e 2447673 d

This work

25
SM1 473617
SM2 467617
SM3 480617
SM4 21869
SM4a 235610
SM5 237610
SM5a 22569
SM6 21869
SM6a 22469
EU1 15396195 2423675 2771686
EU2 15866201 2521678 2965692
EU3 15846201 2558679 2905690
EU4 15976203 2579680 3024694
ER1 1093649 17968
ER2 1113642 18668
ER3 1048648 17468
ER4 182611
ER5 17368
ER6 17368
ER7 17569
ER8 17668
ER9 976674 17968
ER10 17768

Mean value 473617 22669 15776200 2520671 2917682 1075645 177.767

30 f 431616 20669 s tot(
151Eu) 5 37366210 2710677 1084651 17067

aReference@53# ~recommended values based on all references before 1987!.
bSum of partial cross sections to ground state and isomer.
cReference@29#.
dReference@30#.
eReference@6#.
fExtrapolated from the measured 25 keV values~see text and Table III!.
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width according to the prescription of Ref.@50#, it turned out
that the experimental data@43# could only be reproduced fo
154Eu and 156Eu. For the other investigated isotopes, the
results were 20 to 50 % smaller than the experimental d
This discrepancy is confirmed by the behavior of the le
density parametera, the matching energyUx , and the
nuclear temperatureTnucl, which were derived in this analy
sis as well. Also these values exhibit an irregular spre
compared to the well established overall systematics of R
@42#. Therefore, an alternative approach was used as
scribed in the following section.
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B. Calculated cross sections

In view of these rather unexpected problems, the opt
model Hauser-Feshbach~HF! prescription by the code
CERBERO1 @51# could be adopted only for the odd-odd e
ropium nuclei. For 151Eu, 153Eu, and 155Eu, these results
were complemented by a set of additional calculations wit
strength function model including width fluctuation corre

1Available from the OECD NEA Data Bank, Paris.
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J. BESTet al. PHYSICAL REVIEW C 64 015801
tions~codeSAUD @52#!. In this approach the persisting unce
tainties of the statistical model parameters~Table V! can be
avoided by using experimentally determined quantities, s
as the strength functionsS0 , S1, radiative widthsGg , and
observed level spacingŝDobs& ~Table VI!. In the present
case, the strength functions were derived from the system
trends of different evaluations@15,43#.

The comparison of these calculations with the differen
cross sections reported in Ref.@24# showed that only the
strength function model yields a satisfactory description
the cross section shape up to 1 MeV neutron energy, whe
the HF results tend to overestimate the competition by n
tron inelastic channels aboveEcut , where the level density
treatment changes from the known discrete levels to a le
continuum. For most of the investigated europium isoto
this critical transition occurs between 300 and 400 ke
Therefore, the present calculations were considered only
to 400 keV, being aware that the proper treatment of
inelastic channel at higher energies requires detailed cou
channel calculations. With this restriction the results o

FIG. 5. The 30 keV (n,g) cross section of152Sm ~extrapolated
from the measured 25 keV data, shaded band! compared to previous
measurements~black squares!, theoretical calculations~open
squares!, and evaluated data~open circles!.

FIG. 6. The 30 keV (n,g) cross section of154Sm ~extrapolated
from the measured 25 keV data, shaded band! compared to previous
measurements~black squares!, theoretical calculations~open
squares!, and evaluated data~open circles!.
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tained with the HF approach were preferred over the m
schematic strength function model. For these results a 2
uncertainty was estimated at typicals-process energies.

The calculated ground state cross sections atkT
530 keV are summarized in Table VII. Comparison wi
the experimental data of Table IV shows that the pres
Hauser-Feshbach results obtained with local parameter
well as theNON-SMOKERvalues based on a global parame
set@48# describe the general trend with neutron number c
rectly whereas previous calculations@38,39,53# are system-
atically underestimating the151Eu cross section and are to
high for 155Eu. The only problem with theNON-SMOKERcal-
culation refers to151Eu, which is underestimated due to
local deficiency of the finite range droplet model~FRDM!
@54#. The FRDM, which is used as input to define the micr
scopic correction in the global level density descriptio
shows fluctuations in the reliability of predicting shell an
pairing corrections. In a previous cross section compilat
@53# the NON-SMOKER cross sections had been corrected

FIG. 7. The 30 keV (n,g) cross section of151Eu ~extrapolated
from the measured 25 keV data, shaded band! compared to previous
measurements~black squares!, theoretical calculations~open
squares!, and evaluated data~open circles!.

FIG. 8. The 30 keV (n,g) cross section of153Eu ~extrapolated
from the measured 25 keV data, shaded band! compared to previous
measurements~black squares!, theoretical calculations~open
squares!, and evaluated data~open circles!.
1-8
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s-PROCESS BRANCHINGS AT151Sm, 154Eu, AND 163Dy PHYSICAL REVIEW C 64 015801
these input deficiencies as a function of neutron numb
These corrections to theNON-SMOKERcross sections yields
151Eu cross section of 3920 mb, in excellent agreement w
the experimental result, but are small for the heavier Eu
topes.

C. Stellar enhancement factors

Many isotopes in the investigated mass region exhibit
cited states at sufficiently low energies which are sign
cantly populated ats-process temperatures. This means t
their (n,g) cross sections contribute to the Maxwellian a
erage and have to be considered accordingly. This effe
described by the ratio of the effective stellar average and
corresponding ground state value. Such stellar enhance
factors SEF5^s&star/^s& lab are expected to be much les
un certain than the cross sections themselves since part o
theoretical uncertainties cancel out in the ratio.

FIG. 9. The 30 keV (n,g) cross section of164Er ~extrapolated
from the measured 25 keV data! compared to those of the stab
even Er isotopes illustrating the smooth trend with mass num
This complete set of experimental data represents an importan
of theoretical cross section predictions for neutron deficient nu
in the p-process region~indicated by the dashed line!. Previous
calculations of Rayet@35#, which were guided by the supersede
164Er cross section, led to an unrealistic extrapolation~crosses!.
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In view of discrepant predictions in previous calculatio
@38,39#, the present study includes also the (n,g) cross sec-
tions of the first five excited states in each target nucleus
these cases, the superelastic channel that accounts for
tron scattering to one of the lower states~where the scattered
neutrons gain in energy! was properly taken into accoun
The effective Maxwellian average cross sections were
tained by weighting the values for the excited states with
respective population probabilities.

The resulting enhancement factors for a thermal energ
kT530 keV are compared in Fig. 11 and in Table VIII wit
the corresponding values obtained with theNON-SMOKER

code using a global parametrization@55#. Figure 11 includes
also the results of previous calculations@38,39#. The present
calculation yields a reduction rather than an enhancemen
the cross sections under stellar conditions. This appears p
sible since the comparably large ground state spins of
investigated europium isotopes imply that the excited s
cross sections are determined by average statistical we
only. Therefore, the competition by superelastic scatter
accounts for the smaller effective cross sections under st

r.
est
ei

FIG. 10. The 30 keV (n,g) cross section of170Er ~extrapolated
from the measured 25 keV data, shaded band! compared to previous
measurements~black squares!, theoretical calculations~open
squares!, and evaluated data~open circles!.
TABLE V. Level density parameters for the HF calculations with the codeCERBERO.

Compound nucleus
151Eu 152Eu 153Eu 154Eu 155Eu 156Eu

Ecut
a ~MeV! 0.360 0.285 0.400 0.110 0.330 0.050

a ~MeV!21 23.065.0 24.860.5 23.060.3 23.260.3 21.260.6 22.560.4
Ux ~MeV! 5.960.5 5.260.5 5.960.3 5.260.3 5.560.6 4.460.5
Tnucl ~MeV! 0.58 0.53 0.58 0.55 0.59 0.53
Deformationb 0.198 0.205 0.225 0.239 0.245 0.252
Spin cutoff factorc 7.8 9.6 13.3 9.7 13.3 7.4
^Dobs& ~eV! 3.2d 0.760.1 0.2560.04 1.260.3 0.960.1 2.1d

Gg ~meV! 97610 160615 110615 140620 100615

aBelow this energy the known discrete levels were considered explicitly.
bReference@74#.
cDerived via maximum likelihood analysis of the experimental spin distributions of discrete levels.
dAdopted from systematics@42#.
1-9
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J. BESTet al. PHYSICAL REVIEW C 64 015801
conditions. While the older calculations@38,39# do not ex-
hibit significant variations with mass number, the new d
~this work and theNON-SMOKERresults@55#! show more pro-
nounced trends with a different odd-even pattern.

With respect to the branching analyses these results h
the following consequences.~i! The stellar enhancement fac
tors of the stable isotopes exhibit differences of 10%. If t
is adopted as the remaining uncertainty, it determines
uncertainty of the correspondings abundances. But since th
s components of the total abundances are small, this un
tainty does not affect ther-process distribution.~ii ! The fair
agreement for the branch point nuclei, on the other ha
shows that the 20% uncertainties estimated for the gro
state cross sections can also be adopted for the stellar va

TABLE VI. Evaluated strength functions for the SFM calcul
tions with the codeSAUD.

Target nucleus
151Eu 152Eu 153Eu 154Eu 155Eu

S03104 4.060.5 3.661.2 2.460.3 1.860.2 1.660.4
S13104 0.57 0.57 0.58 0.59 0.59
01580
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D. Adopted cross sections and decay rates

The present results and the information from literatu
was used to obtain a best set of stellar cross sections in
investigated mass region 150<A<156. For the stable Sm
Gd, and Dy nuclei, the recommended stellar cross section
a recent tabulation@26# have been adopted. This holds tru
for the 151Eu and 153Eu cross sections as well, which ha
been included in this tabulation.

For the unstable isotopes a single experimental value
available for 155Eu @13#. In this case, additional systemat
uncertainties of 2.5, 5, 7.5, and 10 %, have been assume
the extrapolation to thermal energies of 25, 20, 15, and
keV, respectively. The missing cross sections of the bra
point nuclei 152Eu and 154Eu were derived from calculate
data. In Fig. 12 the adopted values of the stable europ
isotopes are compared with the present calculations
other results@38,39,55#. Since the present calculation yield
a better description of the cross section trend with neut
number, these values were adopted for152Eu and154Eu. For
the two minor branch points153Sm and 153Gd, the recom-
mended cross sections of Ref.@26# were used, which repro
duce the experimentally known cross sections of the ne
boring isotopes within616%.
TABLE VII. Calculated capture cross sections~mb!.

Neutron energy~keV! Ground state cross sections
151Eu 152Eu 153Eu 154Eu 155Eu 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 energya

(kT530 keV)

3470 5981 2894 3703 1154 This work~local!
2281 6309 2444 4169 1320 This work~global!

7600 4420 b

2860 5180 2840 4450 1730 c

3161 4032 2814 2989 2088 d

aThermal average of ground state cross sections.
bReference@26#.
cReference@38#.
dReference@39#.
1-10
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The cross section of the important branch point isoto
151Sm was taken from a previous calculation@11# where the
same technique of constructing a local parameter system
was applied. This value, which is 40% smaller than the r
ommended cross section in Ref.@26#, was combined with the
stellar enhancement factor of Ref.@55#. The impact of this
cross section uncertainty will be discussed below.

Another important note concerns the stellar enhancem
factor of 164Er. Existing calculations signify large differ
ences, the results ranging from 1.06@38#, 1.12 @39#, up to
1.24 @55#, respectively. These differences bear signific
consequences for the branching atA5163 which testifies the
electron density at thes-process site. The adopted stell
cross sections are summarized in Table IX.

The information on stellarb-decay rates for the prope
description of the reaction flow at the branch points has b
adopted from the tables of Ref.@56#. For both relevant
branch point nuclei151Sm and154Eu, the enhancement of th
decay rate is dominated byb decays from thermally popu
lated excited states. In case of151Sm, about 85% of the en
hancement are due to a single allowed transition from
fourth excited state at 92 keV to the first excited state
151Eu, whereas a number of transitions contribute to the s
lar 154Eu rate. Here, the first excited state at 68 keV provid

TABLE VIII. Stellar enhancement factors.

Thermal energy~keV!

Target nucleus 10 15 20 25 30 40 Referen

151Eu 0.98 0.96 0.95 0.93 0.92 This wor
0.98 0.99 1.00 1.01 1.02 1.04 a

152Eu 1.00 0.99 0.98 0.95 0.93 This wor
1.00 1.00 1.00 0.98 0.94 0.88 a

153Eu 1.00 1.00 0.99 0.98 0.97 This wor
1.00 1.00 1.02 1.05 1.08 1.07 a

154Eu 1.00 0.99 0.96 0.93 0.93 This wor
1.00 1.00 1.00 0.98 0.95 0.90 a

155Eu 1.00 1.00 1.01 1.02 1.03 This wor
1.00 1.00 1.00 1.00 0.99 0.98 a

a
Reference@55#.

FIG. 11. Stellar enhancement factors for (n,g) cross sections of
the europium isotopes forkT530 keV.
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the most important part. In addition, the151Sm rate is af-
fected by bound stateb decay which contributes a factor 2.
to the enhancement, and by the electron density in the st
plasma which causes a slight retardation of'20%. Both
effects are negligible for154Eu due to the higher decay en
ergy. At a typicals-process temperature of 33108°, the de-
cay is accelerated by factors of 30 and 300 for151Sm and
154Eu, respectively.

V. ASTROPHYSICAL IMPLICATIONS

A. The s-process branchings at151Sm and 154Eu

The s-process reaction flow in the Sm/Eu/Gd region e
hibits a number of branching points as indicated in Fig.
The strength of these branchings is defined by the ab
dances of thes-only isotopes152Gd and 154Gd, which are
shielded against theb-decay chains from ther-process re-
gion by their samarium isobars.

TABLE IX. Adopted Maxwellian averaged cross sections~mb!.

Thermal energy~keV!

Isotope 10 15 20 25 30 40 Reference

151Sm 4065 2869 2198 1850 15856400 1286 a, b

151Eu 7616 5645 4601 3896 34376200 This workc

152Eu 11900 9207 7615 6403 556261200 This work
153Eu 4914 3906 3314 2920 2628680 This workc

154Eu 7780 5910 4704 3906 34436750 This work
155Eu 2830 2134 1764 1526 1360684 d, b, c

aData of Ref.@11# complemented with SEF data from Ref.@55#.
bTemperature dependence adopted from Ref.@26#.
cComplemented with present SEF data.
dData of Ref.@13# complemented withb, c.

FIG. 12. The Maxwellian average cross sections of the
ropium isotopes forkT530 keV compared to calculated data se
The open squares with error bars are experimental data corre
for stellar enhancement factors, the full squares are the ado
values for the unstable branch point nuclei.
1-11
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J. BESTet al. PHYSICAL REVIEW C 64 015801
Since the rare earth elements are chemically nearly id
tical, their abundance ratios are known to61.3% on average
@57#. Hence, the following analyses can be normalized
the unbrancheds-only isotope150Sm. This allows to treat the
branchings to152Gd and 154Gd independent of each othe
Compared to a previous analysis@58#, which concentrated on
the 152Gd/154Gd ratio, this offers the advantage of separat
the effects due to the stellarb-decay rates of the branch poin
nuclei from thep-process corrections and from a possib
enhancement of the stellar neutron capture rate of154Gd @7#.

The resulting s abundances of152Gd and 154Gd are
mainly determined by the branching points151Sm and154Eu.
The branching at155Eu is required for determining th
s-process abundance of155Gd, an important test for the iden
tification of pures-process gadolinium in meteoritic materia
The additional branchings at152Eu and 153Gd are too weak
to produce a noticeable effect on the abundance pattern

B. Abundances

The s-process calculations presented in the followi
were normalized to the solar abundance of150Sm. Though
the solar abundances of Sm, Eu, and Gd are given with
certainties of only 1.3, 1.6, and 1.4 %@57#, an additional
uncertainty arises from possiblep-process contributions to
the abundances of thes-only isotopes. An empirical estimat
based on the abundances of nearbyp-only isotopes suggest
a large correction for152Gd of up to 50%@58#. However,
improved calculations@59–61# have reportedp-process
yields of less than 12% for this isotope. Thep-process yields
for 154Gd and 150Sm are below 1.5 and 0.2 %, respective
@35#, and, therefore, less critical. Another contribution to t
152Gd abundance comes from thes process in massive star
which is estimated to account for about 6% of the solar va
@62#.

Apart from the p-process corrections, there is also t
problem of mass fractionation in the experimental deter
nation of the isotopic composition@63#. This difficulty refers
to the composition of solar gadolinium as well as to that
the meteoritic samples. Presently, the related corrections
still unknown, but a conservative assessment suggests a
ditional uncertainty of 0.6% for the isotopic ratio of152Gd
and 154Gd due to mass fractionation.

C. s-process models

Analyses of thes-process reaction flow in the Sm/Eu/G
region were carried out by means of the classical appro
and are compared with a stellar model for helium shell bu
ing in low mass stars. Only a brief sketch of these model
given here since a more detailed description can be fo
elsewhere@64,65#.

The purely phenomenological classical approach was
mulated before stellar models for the helium burning sta
were available@66,67#. Since then, it became a useful too
not only for reproducing thes abundances but also for cha
acterizing the physical conditions during thes process in an
empirical way. Meanwhile, the two components of the cl
sical approach could be assigned to stellar scenarios.
weakcomponent, which is important in the mass range
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tween Fe and Zr, was attributed to helium core burning
massive stars@62#, while themain component occurs during
helium shell burning in low mass stars and accounts for ths
abundances in the mass rangeA.100. For the main compo
nent, irradiation of an iron seed by an exponential distrib
tion of neutron exposures was assumed. With the furt
assumption of a constant neutron density and tempera
the s-process reaction flow is characterized in this appro
by the iterative expression

^s&Ns~A!5
GN(

56

t0
)
i 556

A S 11
1

s it0
D 21

. ~4!

The two free parameters, the fractionG of the observed
56Fe abundance required as seed, and the mean neutro
posuret0, are determined by fitting the empirical^s&Ns val-
ues of thoses-only isotopes that experience the entire rea
tion flow. For the present analysis,

t05~0.29660.003!S kT@keV#

30 D 1/2

mb21, ~5!

has been adopted from Ref.@2#, whereas G was defined b
normalization to thês&Ns value of 150Sm.

Branchings in thes-process path have to be treated se
rately @64,68# via the branching factors

f b5
lb

lb1ln
, ~6!

lb5 ln 2/t1/2 and ln5nn vT ^s& being the rates forb de-
cay and neutron capture. The relevant quantities in these
pressions are theb half-lives t1/2, the neutron densitynn ,
the mean thermal neutron velocityvT , and the Maxwellian
averaged capture cross section^s&. The adopted half-lives
and Maxwellian averaged cross sections are discussed ab
and the neutron densitynn5(4.160.6) 108 cm23, was
taken from Ref.@11#.

The combined effect of the branchings in Fig. 1 can
deduced from thê s&Ns ratios of the partially bypasse
s-only isotopes152Gd and 154Gd relative to150Sm, which is
exposed to the entires-process flow. Since the neutron de
sity is defined by the branchings in the neodymiu
promethium region, reproduction of the152Gd and 154Gd
abundances requires the proper choice of the effective st
temperature via the temperature-dependentb-decay rates of
the branch point isotopes, mainly of151Sm and154Eu.

Though the classical approach has been challenged
the recent improvement of stellars-process models for low
mass stars~see below! it is still a good approximation be
tween magic neutron numbers. Current stellar models
describing the mains-process component in the mass ran
A.100 refer to helium shell burning in thermally pulsin
low mass AGB stars@69#. This scenario is characterized b
the subsequent operation of two neutron sources durin
series of subsequent helium shell flashes. First,
1-12
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13C(a,n)16O reaction occurs under radiative conditions d
ing the intervals between the He-shell burning episod
While the 13C reaction provides most of the neutron exp
sure at low temperatures (kT;8 keV) and neutron densitie
(nn<107 cm23), the resulting abundances are modified b
second burst of neutrons from the22Ne(a,n)25Mg reaction,
which is activated during the next convective instabili
when high peak neutron densities ofnn<1010 cm23 are
reached atkT;23 keV. Although this second burst ac
counts only for a few percent of the total exposure, it
essential for adjusting the abundance patterns of
s-process branchings.

Accordingly, the branchings can serve as sensitive t
for the interplay of the two neutron sources as well as for
time dependence of neutron density and temperature du
the second neutron burst. In this context, it is important
note that the (n,g) cross sections in Sm/Eu/Gd region a
large enough that typical neutron capture times are sig
cantly shorter than the duration of the two neutron ex
sures. Hence, the final abundance patterns are determine
the freeze-out conditions of the22Ne phase, regardless of th
situation after the13C phase.

Such models were shown to exhibit remarkably simi
conditions for a range of stellar masses (1.5<M /M (<3)
and metallicities (20.4<@Fe/H#<0) @70#. The actual
neutron-capture nucleosynthesis efficiency in each star
pends on the metallicity, the choice of the amount of13C that
is burnt, and its profile in the intershell region, i.e., what h
become known as the ‘‘13C pocket.’’ Since the formation o
this pocket is difficult to describe in a self-consistent wa
current calculations of AGB nucleosynthesis have still to
based on a plausible parametrization~see, e.g., Refs
@65,70#!. The calculations cited below Ref.@2# refer to a
model of 2 M ( and a metallicity 0.5Z( , which can be
considered as representative for thes-process conditions on
the AGB, and has been shown to match the solar m
s-process component fairly well.

D. Branching Analyses

Based on the improved cross section data a serie
branching analyses has been carried to derive estimate
neutron density, temperature, and electron density by me
of the classical model. These results are listed in Table X
two cross section sets. In the upper part, the present Eu
are combined with the Pm cross sections of Toukanet al.
@11#, all other values being adopted from the recent com
lation of Baoet al. @26#, whereas the lower part shows cas
where all cross sections are taken from this compilation.

In runs 1 to 4 standard neutron density and tempera
values of 4.13108 cm23 and kT530 keV were used.
Variation of the electron density indicates that t
critical 164Er abundance can be best reproduced forne56
31026 cm23 if a 6% fraction is allowed for the predicte
p-process contribution. The response of the152Gd abundance
to the electron density is considerably weaker. The com
rably strong effect of temperature is illustrated in runs 3,
and 6 where small changes result in fairly large steps in
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152Gd abundance. If an additional 20% contribution from t
p process and from thes process in massive stars is consi
ered, the152Gd abundance constrains the temperature to
ues nearkT530 keV. Though variation of the neutron den
sity in runs 4 and 7 to 9 has also a significant impact on
abundances of152Gd and 164Er, these changes must be r
stricted to a narrow range of (4.560.3)3108 cm23 because
of the very well-defined148Sm abundance. These calcul
tions show inherent problems since there is obviously
reasonable combination of parameters that can reproduc
four s-nuclei in the considered branchings. In particul
none of these cases produces enough154Gd and none can
reconcile the164Er production~which favors higher neutron
densities! without overproducing148Sm, which is defined
with an uncertainty of 1%.

The lower part of Table X refers to calculations where t
Pm cross sections of Toukanet al. @11# have been replaced
by the significantly larger estimates suggested in Ref.@26#.
The consequence of this change is obviously a correspon
reduction in neutron density, which must be compensated
lower temperatures and electron densities in order to ac
modate the164Er abundance.

The sensitive influence of the151Sm cross section on th
152Gd abundance is illustrated in the bottom line of Table
The 50% increase in the151Sm cross section by replacing th
adopted value@11# by that of Ref.@26# translates immedi-
ately into a corresponding 50% decrease in the152Gd abun-
dance.

Obviously, none of the existing data sets does resul
satisfactory solutions, a dilemma that underlines the imp
tance of the cross sections for the unstable branch point
clei 147Pm, 148Pm, and 151Sm. Therefore, vigorous effort
are necessary towards direct measurements on these rad
tive isotopes. Plans for such attempts exist presently
147Pm and 151Sm. In addition to the mere cross section
stellar enhancement factors represent another serious p
lem. The fact that recent predictions@26# differ significantly
from earlier calculations@38#, i.e., for the key isotope164Er,
illustrates the need for more detailed theoretical studies
well as for complementing experiments.

An improved set of stellar (n,g) data is not only needed
to investigate the emerging inconsistencies of the ste
classicals process in more detail@2#, but are most importan
with respect to the yet uncertain stellar models for He bu
ing in low mass AGB stars. Thes-process branchings in th
lanthanide region represent unique tests for these rather c
plex AGB models. For the example of the 2M ( mass
model outlined before, Arlandiniet al. @2# have shown that
the branchings at151Sm and 154Eu are significantly better
reproduced by this approach, yielding 88 and 95 % of
solar 152Gd and 154Gd abundance, respectively. Since t
sensitivity of this test depends obviously on the quality of t
nuclear physics part, a more reliable assessment of these
is indispensable in order to reach a conclusive situation.

VI. SUMMARY

The present attempt to improve the data basis
s-process studies in the important lanthanide region inclu
1-13
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TABLE X. Branching analyses using the classical approach.

Ns /N( ~%! a Abundance pattern
Run Parameters 148Sm 152Gd 154Gd 164Er acceptable?

Pm and151Sm data: Ref.@11#;
Eu data: this work; all other data: Ref.@26#.
1 n41t30e15 b 101.5 72 88 72 no
2 n41t30e10 101.5 77 88 84 no
3 n41t30e5 101.6 82 88 96 no
4 n41t30e6 101.6 81 88 93 almost, except154Gd
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 from Ref.@26#
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, except154Gd

Same set of cross sections, but151Sm adopted from Ref.@26# 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

aUncertainties ofN( are ,1.4% for all listed isotopes, whereas theNs contributions depend only on th
listed parameters of the stellar plasma~the Sm and Gd cross sections being known to better than 2%@26#!.
b(nn54.13108 cm23, kT530 keV, ne51531026 cm23).
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cross section measurements on six Sm, Eu, and Er nu
With these results previous discrepancies among the Eu
could be resolved, while the important cross section of
s-only isotope164Er has been established with improved a
curacy. The experiments were carried out by repeated a
vations with particular emphasis on the experimental st
of the related systematic uncertainties.

As an important complement to the cross sections m
surements, statistical model calculations were performe
order to determine the missing cross sections of the unst
branch point nuclei as well as the effect of thermally exci
nuclear states. These calculations were concentrated on
sequence of Eu isotopes and were based on a local param
set which was consistent with the known experimental inf
mation in this mass region. Additionally, a Hauser-Feshb
model based on global parameters was used for compa
and to determine stellar enhancement factors. The cross
tion trend with neutron number is well described by t
present calculations, in contrast to earliar work based on
bal parameter sets@38,39#. Significant differences are als
,

01580
ei.
ta

e
-
ti-
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d
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-
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o-

observed for the enhancement effect due to excited sta
These problems as well as previous discrepancies for
calculated Pm cross sections@11,55# suggest that a consisten
theoretical description of these crucial data over a wi
mass range should be envisaged. Experimental efforts to
termine the cross sections of some unstable nuclei will c
stitute an essential part of such a study.

The astrophysical analysis and interpretation of the inv
tigated branchings of thes-process path was found to b
rather ambiguous due to the presently remaining uncert
ties in the theoretical data. Nevertheless, the fact that
canonicals process did not allow for a consistent descripti
of the various branchings seems to support the analysi
Arlandini et al. @2#, where this approach was questioned
the basis of the abundance pattern of the neutron magic
clei with N582. However, a final conclusion on this point a
well as on the performance of more complex stellars-process
models can only be made with improved nuclear phys
data for the unstable branch point nuclei.
@1# N. Grevesse, A. Noels, and A. Sauval, inCosmic Abundances,
Astronomical Society of the Pacific Conference Series, edited
by S. Holt and G. Sonneborn~BookCrafters, San Francisco
1996!, Vol. 99, pp. 117–126.
@2# C. Arlandini et al., Astrophys. J.525, 886 ~1999!.
@3# E. Zinner, S. Amari, and R. Lewis, Astrophys. J. Lett.382,

L47 ~1991!.
@4# S. Richter, U. Ott, and F. Begemann, inNuclei in the Cosmos
1-14



e

C

ys

Li
rt

um

ys

em

.

s.

e,

l-

://

t.

N,

.

les

s-

tt.

on.

v.

pl.

pl.

s-PROCESS BRANCHINGS AT151Sm, 154Eu, AND 163Dy PHYSICAL REVIEW C 64 015801
’92, edited by F. Ka¨ppeler and K. Wisshak~Institute of Phys-
ics, Bristol, 1993!, p. 127.

@5# S. Richter, U. Ott, and F. Begemann, inProceedings of the
European Workshop on Heavy Element Nucleosynthesis, ed-
ited by E. Somorjai and Z. Fu¨löp ~Institute of Nuclear Re-
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