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1. Introduction

The origin of the elements heavier than iron can be almost completely ascrilvedittmn
capture processes characterized by much longer and much shorter dilee campared to aver-
ageB-decay half-lives. The respective nucleosynthesis processesnkas the slowg) and the
rapid () neutron capture process, contribute in approximately equal parts tottiel@mental
abundances in the mass range above iron. §phecess can be subdivided into two fractions,
corresponding to different mass regions, temperature ranges atrdmexposures. The "weak"
component, responsible for the elements with 9, is driven by the neutron production via the
22Ne(a,n)®®Mg reaction at temperatures of T= 25310° K. The "main" component is mainly
based on thé3C(a,n)'%0 reaction, which operates at temperatures &f KOIn this case the
22Ne(a,n)?®>Mg contributes only a small part of the total exposure, but affects thedmandance
pattern. This main component is producing srabundances in the region®0<A<208. The as-
trophysical environment for the wealprocess are massive stars with core He and shell C burning,
whereas the main component needs He shell flashes in low mass TP-AGB star

Our measurements refer to the region of the "wegl'ocess. Among the nuclei involved, the
long-lived radioactive isotop@sSNi, "°Se, and®Kr assume key positions, because fladecay rate
becomes comparable to the neutron capture Mgte«(An). This competition leads to branchings of
the synthesis path, as sketched in Fig. 1. The branching point isot@piesgartant, since they can
be used for a diagnosis of the temperature and neutron density by cogeriratios of isotopes
at masses above and below the respective branching with observations.

The split of the reaction path &Se causes part of the flow to byp&8Kr, whereas af?Kr
both flows merge back. The strength of the resulting branching is refléctde abundance of
the s-only isotopes®82Kr, which are shielded from the decay chains of thgrocess by%8%Se,
Analysis of the local abundance pattern in the mass regiefA8082 yields the effective half-life
of "°Se at thes-process site.
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Figure 1. Sketch of thes-process flow in the Se-Br-Kr region. The half-lives giveerd are terrestrial
half-lives.

It was noticed that the effective branching ratios f88e and®Kr are almost equal. This
leads to a conflict, since the terrestrial half-life of both isotopes differdughly four orders of
magnitude. The solution of this puzzle is dueBtalecays from thermally populated excited states.



::i_rstD (rl}easurements of the total and partial stellar crosstiss to the s-process branching-pofiSe
ris Dillmann

The ground stat@-decay of’°Se is first-forbidden unique, but allowed decays are possible from
the isomer at 95.7 keV, and from states at 128 keV and 137 keV, whichognéated to 1.0%,
0.4% and 1.2%, respectively, &T=30 keV [2, 3]. Apart from this, stellar decay rates are also
influenced by the high degree of ionization in the hot stellar plasma. This alloatsnd-state”
B-decays (@<300 keV), which contribute=25% to the stellar rate [4]. It was shown foSe (see
Fig. 7 in [5]), that theB-decay rate is almost constant for TCPK, but drops quickly to the order of
a few years when low-lying first excited states become thermally populatece the temperature
dependence of the half-life is well known from calculations (see [5][d])dthe branching at®Se
can be interpreted as arprocess thermometer [6]. Nevertheless, this leads to the uncommon fact
that the temperature dependence is better known than the terrestrialdalf-lif

For ’8Se, no experimental information on its stellanfn;ross section to the ground and iso-
meric state if°Se existed so far. Both cross sections were determined by means of taiati
technique. In combination with AMS this technigue can be extended to hithetoessible cases,
e.g. to reactions producing very long-lived nuclei with very weak or detety missingy transi-
tions. The application of AMS counting in stellar neutron reactions, whictbkas demonstrated
recently for®?Ni [7] and also®Ni [8], has the further advantage of being independent of uncertain
y-ray intensities or half-lives.

2. Experimental technique

The activation measurements were carried out at the Karlsruhe 3.7 M\dé&/&raaff accel-
erator. Neutrons were produced with thé(p,n)’Be source by bombarding 30m thick layers
of metallic Li on a water-cooled Cu backing with protons of 1912 keV, 30 kbgve the reaction
threshold. The angle-integrated neutron spectrum imitates almost perféttyvaell-Boltzmann
distribution forkT = 25.0+0.5 keV with a maximum neutron energy of 108 keV [9]. Hence, the
proper stellar capture cross sectiork@t 25 keV can be directly deduced from our measurement.
For an extrapolation to higher and lower temperatures we make use of qirgryalependent
cross section data, as available from the libraries JEFF, JENDL and BB\BF normalize the
semi-empirical cross section and energy-dependence of Bao et |o [dir experimental result.

The neutron flux is kinematically collimated in a forward cone with Ll@pening angle. Neu-
tron scattering through the Cu backing is negligible since the transmissionus 8®&% in the
energy range of interest. To ensure homogeneous illumination of the anfizee the beam with
a DC current o~100 pA was wobbled across the Li target. Thus, the mean neutron flux over the
period of the activations was1.5-2x10° n/s at the position of the samples, which were placed
in close geometry to the Li target. #i-glass monitor at 1 m distance from the neutron target
recorded the time-dependence of the neutron yield in intervals of 1 min as thyet degrades
during the irradiation. This allows for the later correction of the number ofeiuwhich decayed
during the activation. This correction is small for very long half-lives like giound state of°Se,
but becomes important for the short-lived isomeric state.

Samples of selenium metal and cadmiumselenide (CdSe) with natural isotopidaaice
(23.77%"8Se) were used in the measurements. The sample material was pressed tdldtsn pe
which were enclosed in a 1m thick aluminium foil and sandwiched between 10{3® thick
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gold foils of the same diameter. In this way the neutron flux can be determitetiVecto the
well-known capture cross section BfAu [9].

For the determination of the partial cross section to the 3.92 min isomer, we ieddreveral
thin Se metal samples for 600-710 s, corresponding to a time-integratedeotedm flux ofd;q=
1.2-2.9x10'2 n. The induced/-ray activity of the 95.7 keV transition #9.62+-0.28% [11]) was
afterwards counted off-line in a well defined geometry of 28006 mm distance using a shielded
HPGe detector in a low background area. Since we recorded se2€ral dpectra, we were also
able to measure the half-life of the isomer to be Z00AL4 min, in perfect agreement with the
literature value of 3.920.01 min [11].

For the AMS measurement one CdSe sample was irradiated fordi3d (1.96x10'° n).

The number of produce@Se nuclei was measured at the Munich 14 MV tandem accelerator
using the gas-filled analyzing magnet system (GAMS) [12]. The AMS systeMunich consists

of a sputter ion source, a 90nass analyzer, an 1&lectrostatic deflection, a 14 MV tandem
accelerator and a Wien filter. To separate the radioisotopes from the s&abbys we use the
sensitive combination of a gas-filled magnet with a mAH-ionization chamber. Since AMS
determines the concentration ratio of a radioisotope to a stable isof8ge]/['Se], relative to

a standard of known isotopic ratio, we can easily deduce our experin@otd section from

the equatioro = Ez—gg X ﬁ. The biggest challenge in our case was the suppression of isobaric
contaminations from the stable neighBeBr (49.31%), since Bromine is rather volatile and readily
forms negative ions. The contamination’8Br is reduced by means of the gas-filled magnet in
front of the ionization chamber by roughly two orders of magnitude. Wesela rather high
charge state of 15(stripping yield: 0.64%) at a terminal voltage of 12.55 MV. For a more detailed
description of th€°Se AMS measurement, refer to [8].

3. Preliminary results

From the activity measurement of the isomeric state, we can deduce a paatialeiian
averaged cross section afo >3p kev(part.)= 42.6:2.0 mbarn. With AMS we determined for the
total cross section a ratio of95e]/['8Se]= (1.19:0.19)x 10 1°, corresponding te< g >30 kev=
60.1+9.6 mbarn. Following these results, the isomeric ratio (IR), which should erdiog to
Hauser-Feshbach theory — show no energy-dependence, skcfeam 0.88:0.06 atkT=25 meV
to 0.7G£0.11 atkT=30 keV.

The rather high uncertainty of the AMS measurement is due to the high macidyfrom
9Br, and the uncertainty in the usé®Se standard. This standard was produced using the ther-
mal cross sections, which themselves exhibit rather large uncertaiogie¢S%e?)= 50+10 mbarn;
Oin(7°Seé™=380+20 mbarn [13]). Thus, one requirement to reduce the uncertainty isttben{stry-
free) preparation of an independent standard, e.g. via the re&é8eip, a)"°As(3~, 8.2my°Se.
The amount of °Se atoms can then be easily measured wisipectroscopy. With this new stan-
dard, a re-measurement of the thermal and stellar total neutron crésssés planned.

4. Astrophysical implications

Our result for the total cross section 6Se is by a factor of 2 lower than the previous
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recommended semi-empirical cross section from Bao et al.44Q@9mbarn [10]). Additionally, a
recent remeasurement of the téti#Br cross section showed the same trend [14], the cross section
being a factor o&1.4 lower than than the previous recommended value.

Adding up these two significantly lower cross sections, we expect in fugtabar model
calculations a weaker reaction flux across tA8e branching, which shifts tf8Kr/82Kr ratio to
larger values due to the larg&Kr abundances.
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