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1. Introduction

The heavy elements above the so-called iron peak are mainly produced in neutron capture
processes. Two different scenarios account for the observed double-peak structure in the solar
abundance distribution. The r process (r: rapid neutron capture) deals with high neutron densities
well above 10%° cm™3 and temperatures in the order of 2 —3-10° K. It is thought to occur in
explosive scenarios like e.g. supernovae and is responsible for the broad peaks around the mass
numbers A = 80,130, 190, respectively [1, 2].

The sharper peaks at higher mass numbers are due to s-process nucleosynthesis. There are
different sites proposed for the s process to occur. During stellar burning of massive stars with
M =~ 10 M. the weak s component is produced during He-core burning (T =~ 3-10% K,
n, < 10° cm™3, neutron source: 22Ne(0¢,n)25Mg) and in the C-shell burning phase (T ~ 10° K,

3, neutron source: '>C('?C,n)*>*Mg). The main component is synthesized in asymp-

n, ~ 101 ecm™
totic giant branch (AGB) stars with masses M =~ 1 —3 M. This site is characterized by the
alternating action of two neutron sources which are the reactions BC(a,n)'%0 (T ~9-107 K,
n, ~ 10’ cm™3) during the H-burning episodes and *’Ne(a.,n)*Mg (T =~ 2.5-10% K,
n, ~ 10" cm™3) during the recursive He-shell flashes [3, 4, 5].

The average neutron densities are rather small (n, ~ 108 cm™3), i.e. the neutron capture rate
An is normally well below the B-decay rate Ag and the reaction path is close to the valley of
B stability. However, during the peak neutron densities branchings occur at unstable isotopes with
half-lives as low as several days. The branching ratio g/, is determined by the half-life and
neutron capture cross section of the branching point nucleus which is the nuclear physics input.
However, these properties have to be known under stellar conditions and, thus, are also influenced
by the temperature and neutron densitiy occuring at s-process nucleosynthesis sites. Due to the fact,
that the branching ratio determines the relative isotopic abundances in the following elemental
chains the astrophysical parameters can be fixed by the observed abundance ratio if the nuclear
physics parameters are known with sufficient uncertainties. While the half-lives of these branching
points are normally known with high accuracy at least under laboratory conditions and rely only on
theory for the extrapolation to stellar temperatures [6], the neutron capture cross sections are only
in special cases accessible to direct experiments. Besides the production of a sufficient amount of
target material, the intrinsic activity of the target mainly hinders the experimental access especially
in the case of the short-lived branching points.

However, the predictions in the Hauser-Feshbach model yield different results due to the un-
derlying parameter sets. Additionally, the single studies on long-lived branching points (e.g. '“’Pm
[71, 151Sm [8, 9], '3°Eu [10]) showed that the recommended values of neutron capture cross sec-
tions in the Hauser-Feshbach statistical model [11] differ by up to 50% from the experimentally
determined values. Thus, any experimental constraints on the theoretical predictions of these cru-
cial values are welcome. Therefore, the inverse (7,n) reaction could be used to decide for the most
suitable parameter set and to predict a more reliable neutron capture cross section using these input
values. This method has been applied to the branching nucleus '3°W using a continuous-energy
bremsstrahlung spectrum [12] and Laser-Compton backscattered photons [13, 14]. It is also sup-
posed to yield information for the calculation of Stellar Enhancement Factors (SEF) in some special
cases like e.g. 151§m [15].
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The necessity of a precise knowledge of photodissociation cross sections is even more appar-
ently for the production of the so-called p nuclei. These proton-rich isotopes between Se and Hg
cannot be synthesized by neutron capture processes and are thought to originate from explosive
events lasting a few seconds and delivering temperatures of about 2 — 3 - 10° K [16, 17]. In this
scenario, s- and r-process seed nuclei are converted to the proton-rich side of the valley of stability
by a series of (y,n), (,p), and (y,) reactions. However, the light p nuclei, like e.g. 92.94Mo and
96.98Ru, are significantly underproduced in the models describing this process sometimes referred
to as y process [17].

The efforts to solve this problem include alternative processes of nucleosynthesis, like e.g. the
rp process [18] or the vp process [19], as well as suggestions of revised cross section data, like
e.g. an enhanced 22Ne(a,n) cross section leading to an increase of the s-process seed [20]. On that
score, the knowledge about photodissociation cross sections plays a crucial role in the prediction
of the abundances of the p nuclei.

We describe in section 2 how the activation technique is applied to study photon-induced
reactions for p-process nucleosynthesis and discuss pros and cons. Section 3 focusses on the usage
of tagged photons while alternative methods to study also unstable isotopes are addressed in the
concluding section 4.

2. Photoactivation experiments

At the High Intensity Photon Setup (HIPS) of the S-DALINAC [21, 22] continuous-energy
bremsstrahlung is produced by fully stopping the monoenergetic electron beam in a thick radiator
target of copper. Due to the high currents of up to 40 A, the photon intensity reaches maximum
values of about 10" keV~! s7! cm~2 at 80% of the maximum energy En.x. If experiments are
carried out at different energies it is possible to calculate the ground-state reaction rates of (7,n)
reactions at typical p-process temperatures of about 2 —3-10° K from the experimental data without
any assumption on the energy dependence of the photodissociation cross section. This method was
explained in detail in [23] and results on systematic surveys in the rare earth region [24] and the
Pt-to-Pb region [25] were presented.

Figure 1 shows a summary of these results. The experimentally determined reaction rate Ay,
is compared to the theoretical value Ay, calculated from the cross section predicted by the NON-
SMOKERWYEB code [26] and the TALYS code [27] and the ratio is plotted as function of mass
number A. Although no systematic deviation can be observed, the discrepancy between theory
and experiment is more than a factor of 2 for single isotopes. The advantages of this method are
that the temperature of the underlying Planck distribution can be changed offline by re-adjusting
the weighting factors and that any resonance structure of the cross section is included because the
analysis does not depend on the prediction of a (7y,n) cross section.

In general, the photoactivation technique is perfectly suited to carry out such systematic sur-
veys: due to the determination of the activation yield in a low-background environment using high-
resolution 7y spectroscopy with HPGe detectors and/or low-energy photon spectrometers (LEPS)
naturally composed targets can be used and several isotopes are measureable in one activation (e.g.
19%Hg, 198Hg, 199"Hg, 2'Hg). Also very weak signatures of the decay of the produced unstable iso-
topes are analyzable with reasonable statistical uncertainties (e.g. '®>W: T} 2 ="175d, Ey=125keV,
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Figure 1: Ratio of groundstate reaction rates. The groundstate reaction rates of several isotopes at a typical
p-process temperature of T = 2.5 x 10° K derived with the superposition method at the S-DALINAC are
compared to theoretical predictions in the NON-SMOKERWEB ¢ode [26] and the TALYS code [27]. No Sys-
tematic deviation was observed although discrepancies of more than a factor of 2 occur [24]. The indicated
Dy-to-Hf region was observed at HIPS, Darmstadt, to complete the systematic survey in the shown mass
region but the analysis is still in progress.

I, =1.92. 10~%). Additionally, the high intensity of continuous-energy bremsstrahlung allows the
simultanuous activation of several targets (e.g. Dy, Ho, Er, Yb, Tm, and Hf).

However, problems occur if the life-time of the produced nuclei is too long and/or the 7y tran-
sitions in their decay are too weak to be observable with y spectroscopy. Alternatively, the reaction
yield can be determined by accelerator mass spectrometry (AMS) as proven e.g. in the study of the
neutron capture cross sections of 38Ni and 78Se [28]. But this technique is not a standard method
in the mass region of interest, i.e. intense studies and instrumental developments are required for
each single case.

Another problem arises if energy-resoluted data is needed. Using continuous-energy brems-
strahlung one needs to calculate the difference of two measurements with maximum photon en-
ergies of Emax 1 and Enax . To yield a good energy resolution the difference between Ejax 1 and
Emax.2 has to be small and, thus, differences between nearly similar numbers have to be calculated
during the analysis resulting in quite large uncertainties. This problem can be avoided if the initial
photon distribution is already restricted to a more narrow energy region as provided by sources
using the principle of Laser-Compton backscattered photons as e.g. the High Intensity Gamma
Source (HIyS) at DFELL, Duke University, U.S.A. [29] or AIST, Tsukuba, Japan [30]. In a recent
experiment on the activation of naturally composed Zr and Ce targets, the intensities of HIYS were
proven to be high enough to get reasonable activation yields after irradiations of only a couple of
hours [31].

However, the energy resolution of these facilities is still limited to values in the order of
100 keV. Thus, to measure the energy dependence of photodissociation cross section with better
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accuracy — especially if the astrophysically relevant energy region is close to the reaction threshold
as in the case of (y,n) reactions — tagged photons can be used. The NEPTUN tagger setup at the
S-DALINAC, Darmstadt, [32, 33] that is described in more detail in the following paragraph will
be suitable for such high resolution studies.

3. Experiments with tagged photons

Using tagged photons it is possible to directly determine the energy dependence of the cross
section o(Ey) of a photodissociation reaction (y,X) where X stands for neutrons, protons, or o
particles. The monoenergetic electron beam hits a very thin radiator target in order to ensure that
each electron produces at most one photon. The inelastically scattered electrons are deflected onto
a focal plane detector consisting of small scintillation fibers using a homogenuous magnetic field.
Therefore, the position of the hitted detector in the focal plane is related to the momentum of the
scattered electron p, and determines its energy E.. The energy of each produced photon Ej can be
calculated as the difference between the energy of the scattered electron E, and the incident beam
energy L;:

E,=E,—E,. 3.1

By applying a coincidence between the focal plane detectors and the (y,X) reaction products
the incoming photons are tagged with their energy information and the reaction cross section can
be measured as a function of energy. The energy resolution that can be achieved at a tagging
system corresponds directly to the energy resolution of the used electron beam, the granularity
of the focal plane, and the focussing characteristics of the magnet. The NEPTUN tagger setup
at the S—-DALINAC, Darmstadt, is designed for a photon energy range of 6 to 20 MeV which
is perfectly suited for photodissociation experiments with astrophysical motivation. The planned
energy resolution of 25 keV at a photon energy of 10 MeV was nearly achieved in first test experi-
ments: A HPGe detector was placed into the photon beam at the future experimental position. The
untagged spectrum (upper part of Fig. 2) shows the measured continuous-energy bremsstrahlung
spectrum folded with the detector response. In the lower parts of Fig. 2 the spectra derived by
measuring in coincidence to three different scintillation fibers, i.e. three different photon energies,
are shown. Photo-peak, single-escape peak and Compton-background are clearly visible while the
double-escape peak has only poor statistics.

As a measure for the energy resolution the full-width-at-half-maximum (FWHM) of the photo-
peak was derived of such spectra. Measurements with different incident electron energies and
different settings of the magnetic field yield to tagged photon energies between about 2 and 12 MeV.
A mean value of (34.2+1.7) keV was received as shown in Fig. 3 (compare L. Schnorrenberger,
this volume). As an upgrade, the focal plane is extended of 32 to 128 plastic scintillation fibers to
enlarge the energy range covered with one magnetic field to about 3 MeV.

The detector array for experiments on (,n) reactions will consist of fourteen standard liquid
scintillator detectors and applied pulse shape analysis for the photon-to-neutron discrimination.
To measure neutrons with very low energies emitted just above the reaction threshold four liquid
scintillators enriched in '°B will be added in which the reaction '°B(n,o)’Li provides an additional
signature for the discrimination of photons and neutrons. Amendments with other detector types —
such as Li glass detectors — will also be tested.
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Figure 2: Results of first test experiments at the photon tagger NEPTUN, Darmstadt. A HPGe detector
was placed into the photon beam at the future experimental position. The upper part shows the untagged
spectrum. In the lower parts, the spectra derived by measuring in coincidence to the scintillation fibers 1, 9,
and 16, respectively, are shown. They correspond to the typical detector response of a HPGe detector to a
photon beam with a small energy spread: the photo-peak (PP) at the energy of the photons E,, the single-
escape peak (SE) at Ey — 511 keV and the continuous Compton-scattered background. The double-escape
peak (DE) at Ey, — 1022 keV has only poor statistics and, thus, is not clearly visible.

The granularity of this detector array will help to determine the angular distribution of the
emitted neutrons. Combined with a precise determination of the neutron energy by time-of-flight
(TOF) measurements it will be possible to distinguish between decay channels to the ground and
excited states of the resulting nuclei with the resolution provided by the tagging system. The
construction of the array for particle detection that is needed to measure (y,p) and (¥, &) reactions
is in the initial phase of simulations. Recently, (y,) reactions were also studied successsfully
using continuous-energy bremsstrahlung at Forschungszentrum Dresden (see [34] and C. Nair, this
volume).
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Figure 3: Energy resolution at the photon tagger NEPTUN, Darmstadt. In spectra similar to those shown
in the lower part of Fig. 2 the full-width-at-half-maximum (FWHM) of the photopeak was determined. This
value is a measure for the energy resolution of the tagging facility and is plotted as a function of the tagged
photon energy. The weighted mean is (34.2+1.7) keV which is already close to the design value of 25 keV.

4. Conclusions and Outlook

The sensitivity of the activation technique enables to measure reaction rates even though low
reaction yields are expected due to low cross sections and/or low amounts of target material i.e.
this technique is perfectly suited to carry out systematic surveys in broad mass ranges. Instead
of continuous-energy bremsstrahlung other photon sources using the principles of Laser-Compton
backscattering or photon tagging are useful to study single cases in more detail by an energy-
resolved experiment. However, these methods are limited to the observation of stable isotopes
while the interesting cases of p-process nucleosynthesis are proton-rich unstable nuclei where (7,p)
and (7,o) reactions compete with the formerly dominating (7,n) reactions (compare [35, 36]).

Experiments using Coulomb Dissociation (CD) in inverse kinematics as feasible at the
SIS/FRS/LAND setup at GSI, Darmstadt, [37] can extend the investigations in that direction. A
first test was carried out on the (y,n) cross sections of the isotopes °>%3*+1%0Mo [38]. To com-
pare the reliability of the CD method, the cross sections of *>Mo(y,n)+(7,p) [39] and '°°Mo(y,n)
were observed at the ELBE accelerator at Forschungszentrum Dresden and at the S—-DALINAC,
Darmstadt, respectively, using continuous-energy bremsstrahlung. The data of the activation ex-
periments is compared to the results of the CD measurements to estimate the influence of several
potential complications on the interpretation of data taken in CD experiments. The contribution of
nuclear break-up and the fraction of different multiplicities to the cross section have to be taken
into account as well as the final-state interactions known as post-Coulomb acceleration to extract a
reasonable result of the CD data.

However, besides experiments directly observing photon-induced reactions other approaches
aiming in the constraint of theoretical predictions of the corresponding reaction rates are currently
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of interest. Amongst these are systematic studies on the influence of underlying particle nucleus po-
tentials as for °°Cd [40] and ''2Sn [41], observations of a-induced reactions in the corresponding
Gamow window [42], and experiments using the inverse (n,y) reaction [43].
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