PROCEEDINGS

OF SCIENCE

Probing astrophysical reaction-rate calculations in
photoneutron experiments

J. Hasper * A. Zilges
Institut fur Kernphysik, Universitat zu Kéln, Germany
E-mail: hasper @ kp. t u- dar st adt . de

S. Miller, D. Savran, L. Schnorrenberger, K. Sonnabend

Institut fiir Kernphysik, Technische Universitat Darmgt&lermany

Advanced astrophysical reaction-network calculatiomgte nucleosynthesis of heavy elements
within the s, r, and p processes involve ten thousands of reactions. Most of thetion rates
are adopted from calculations based on the Hauser-Fesltiizmty. Experimental investigations
of photoneutron reaction rates are well suited to test thahiéty of these calculations and to
constrain the nuclear-physics input relevant for statidtmodel codes. In this context, recent
experimental results stemming from photoactivation expents are discussed.

10th Symposium on Nuclei in the Cosmos
July 27 - August 1 2008
Mackinac Island, Michigan, USA

*Speaker.

(© Copyright owned by the author(s) under the terms of the @e&ommons Attribution-NonCommercial-ShareAlike Licen http://pos.sissa.it/



Probing astrophysical reaction-rate calculations J. Hasper

1. Introduction

Most of the elements heavier than iron are produced by newtapture processes in the so-
calleds andr processes [1, 2, 3]. However, a certain number of protdm-sotopes between
Se and Hg cannot be synthesized in either of these two pexesw are often referred to as
p nuclei [4, 5]. These nuclei are believed to originate frora Ho-calledp process, in which
most of thep abundances can be produced frenandr-process seed nuclei by a combination of
(v, n), (v, p) and §, a) reactions in explosive astrophysical scenarios like S¥¢ tiy. Additional
contributions to the abundances presumably stem from further nucleosynthesgepses like the
r'p ProcessyVvp processy process, etc.. To pinpoint the contributions of the varipuecesses to
the nucleosynthesis of heavy elements an accurate knogvigfdg huge number of reactions rates
is required.

Large efforts have been made in the past decades to proidbleeexperimental data for
astrophysically relevant reactions. In particular, a coghpnsive data base of highly-accurate
neutron-capture cross sections on isotopes along they\dlability has become available [6, 7].
These cross sections are of major importance fosg@cess nucleosynthesis and have led to sig-
nificant improvements on stellar models. Further improvetmief these models are yet strongly
hampered by cross-section uncertainties for several blestotopes along theprocess path hav-
ing half-lives comparable to the timescale of a neutronuwapduring thes process. Measurements
of the neutron-capture cross sections of these so-datietthing pointare very challenging due to
a lack of a proper amount of target material and the high eatiraity of the sample itself. Although
some pioneering experiments on several long-lived brawgchoints using nhanogram amounts of
radioactive material have been performed in the last yeais (see Refs. [8, 9]), cross sections for
shorter-lived branching points with half-lives less thameyal months cannot be measured directly
at currently available experimental facilities. Thesessreections have to be adopted from theo-
retical predictions which are subject to rather large uiadaties. A promising way to reduce these
uncertainties is to measure the inverse reactions, i.eephibtoneutron reaction of the stable neigh-
bouring nuclei [10]. As will be discussed in Sec. 3, theseeexpents allow to constrain some of
the nuclear-physics input relevant for statistical moddtulations of the inverse neutron-capture
reaction.

Compared to the process the experimental situation is much worse for t#hred p processes.
The explosive physical conditions governing these two @sees rapidly move the reaction path
away from the valley of stability towards unstable isotopdsch can hardly be investigated in
the laboratory. Therefore, the corresponding reactioesrative to be derived almost exclusively
from calculations based on the Hauser-Feshbach theorynprove the accuracy and robustness
of these calculations as many experimental data as possiblmandatory to provide a stringent
test for nuclear properties adopted for the various modEglst. this reason, photoneutron rates
for photon energies in the astrophysically relevant eneegyon just above the neutron emission
threshold have been investigated for isotopes coveringla miass range in the last years. In Sec. 2
we report on experiments performed at the superconductargnBtadt linear electron accelerator
S-DALINAC.
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2. Determination of astrophysically relevant photoneutron rates

The High-Intensity Photon Setup (HIPS) at the S-DALINACvesr as an excellent tool to
investigate photodisintegration reactions just aboveptiréicle emission threshold. At this setup
a monoenergetic beam of enerfy < 10 MeV is impinging on a thick copper radiator and is
converted into highly-intense bremsstrahlung of maximinotpn energ\Emax = Eg. This photon
beam is used to irradiate the targets of interest at a photonofi up to a few 1@@(‘,0;‘3‘; for
a duration of typically 24 hours. The photon flux is deterndir&her by monitoring the photon-
scattering reactioh'B(y, y') during the irradiation or is derived from the reaction ygeti the well-
known photoneutron reactiod8’Re(y,n) and®’Au(y,n) (see Ref. [11] for details). The reaction
yields, i. e., the number of induced photodisintegraticactiens, for the targets of interest and for
the two standard®’Re and'%’Au are determined by measuring th¢ransitions following the3
decays of the produced unstable nuclei with HPGe detectimnsthe irradiation.

As described in Ref. [12], it is possible to approximate thectral distribution of thermal
Planck spectra for temperatures of a few GK using a supdigosif bremsstrahlung spectra of
various energies. Thus, ground-state reaction rates imtypprocess temperatures of-23 GK
can be directly derived from a certain number of irradiadiperformed at different energi€s,ax
ranging from several hundreds of keV to 1-2 MeV above therauhreshold. Using this method,
experimental ground-state reaction rates for a large nuofhsotopes in the mass regién> 185
have been presented in several works, see, e. g., Ref. [1&jerly, this data set has been ex-
tended by measurements on several isotopes in the rateregibn [11]. The experimental data
of photoneutron rates have been compared to calculatioferped within the framework of two
statistical model codes: the NON-SMOKERE code by Rauscher [14] and the TALYS code by
Koninget al. [15]. An overview of the results is given in Fig. 1. The caklibns are in good agree-
ment with the experiment within the experimental error l&=rewing mean deviations of only less
than 20% to the experimental data. No systematic deviatiwden theory and experiment has
been found as a function of neutron number. Even close to aticeaeutron shell closures the
calculations agree with the experimental data within aofaof two. This proves the accuracy of
these statistical model codes. Moreover, since only globalear models have been adopted for
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Figure 1. Comparison between experimentally determined stellaunptestate reaction ratég,p, and the-
oretical predictiong\theory Using the two statistical model codes NON-SMOKRER and TALYS, respec-
tively. A temperature of 2.5 GK has been assumed. The datasa@ifer to the isotopeé°Ce,4?Ce,148Nd,
150Nd, 154sm, 154Gd, 189Gd, 187Re, 19r, 192pt, 19205, 1991, 196Hg, 197Au, 198Hg and?%*Hg. The dashed
lines each indicate the mean ratio between theory and ewxpati
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both reaction codes (see default models described in Riefs1p]), reliable reaction-rate predic-
tions can be expected even for isotopes outside the valleyabflity. Nevertheless, a systematic
discrepancy between the two statistical model codes oftétis has been determined which is
discussed to some extent in the following section.

3. Discussion on nuclear properties of relevance for statistical model calculations

Whereas the Hauser-Feshbach theory is well establishedregancies between the calcu-
lations using various codes mainly have to be ascribed t@adopted nuclear-physics input like
optical-model potentials, nuclear level densities gy strength functions. The sensitivity of sta-
tistical model calculations to the different nuclear pntigs can be tested by varying the adopted
values fory transmission coefficients, particle transmission coeffits and nuclear level densities
within a certain factor and studying the impact of this viaoia on the calculated cross sections.
Exemplarily, Fig. 2 shows the results of such a sensitivitidg for calculations of the reactions
148N d(y, n) and™'Nd(n, y).

The calculation for the photoneutron reaction is found tartanly sensitive to the trans-
mission coefficent whereas other nuclear properties shdyaonegligible contribution. Conse-
guently, predictions for photoneutron cross sections @gbhh dependent on thg-ray strength
function. Experimentally determined photoneutron ratksrefore, serve as a stringent test for
various descriptions of this function. The discrepancyhim predicted photoneutron rates between
the NON-SMOKER'EB code and the TALYS code outlined in the previous sections,tmuost
likely stems from the different models of theray strength function entering the reaction codes.
Details about these models are given in Refs. [14, 15].

It becomes clear from Fig. 2 that an accurate knowledge oftay strength function also is
of major importance for the calculation of neutron-capttn@ss sections. For those isotopes which
cannot be studied directly via the neutron-capture readtiadhe laboratory a promising approach
is to derive a reliable description of tlyeray strength function via the measurement of the inverse
photoneutron reaction at energies very closely above tharethreshold. As discussed in Sec. 1,
such an approach is of particular interest for short-livexhbhing points in the process.
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Figure2: Sensitivity of predictions for stellar ground-state réattates to various nuclear input parameters
which have been varied within a factor of 2. A sensitivity ohg&ans that the predicted cross section changes
by the same factor as the input parameter. The gray areatedithe astrophysically relevant energy region.
These energy regions have been chosen to give a contritmftimore than 95% to the total reaction rate at
typical p- ands-process temperatures, respectively.
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However, it has to be stressed that photoactivation exgetisrcan only provide information of
the y-ray strength function for photon energies above the nautreshold. Calculations of stellar
photoneutron rates which also account for transitions st from thermally excited states as
well as calculations of neutron-capture rates also styorgfjuire an accurate description of the
y-ray strength function for photon energies below the thwlesh This calls for complementary
experiments in the future, e. g., photon-scattering erpemis [16], which can also address this
lower energy region.
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