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1. Introduction

Nuclei up to the mass area of iron can be synthesized by fusionreactions like they take place
in stars. For heavier nuclei charged-particle cross sections are small even at stellar temperatures.
They are mostly produced by neutron capture reactions. One distinguishes mainly two different
processes: the rapid neutron capture process (so-calledr process) and the slow neutron capture
process (so-calledsprocess).
The most favored site for ther process is the explosive scenario of a supernova. Temperatures of
aboutT ≈ 3×109 K and neutron densities on the order ofnn & 1020 cm−3 are needed. As long as
the neutron flux endures several neutrons are captured before β decays occur [1], [2].
On the contrary thes process takes place at lower temperatures along with lower neutron densi-
ties. In general,β decays take place after the capture of only one neutron if an unstable isotope is
reached. The reaction path follows the valley of stability.Thesprocess is classified as follows:
In low mass asymptotic giant branch (AGB) stars the main component is produced. A neutron
density ofnn ≈ 107 cm−3 at a temperature ofT ≈ 9×107 K is obtained. In the same evolutionary
phase recursive He flashes take place along with higher neutron densities ofnn ≈ 1011 cm−3 and
temperatures ofT ≈ 2.5×108 K.
The production of the weak component takes place in massive stars during core He-burning
(nn < 106 cm−3, T ≈ 3×108 K) and also in the later carbon burning phase (nn ≈ 1011 cm−3,
T ≈ 109 K) [3].
Additionally, about one percent of the nuclei are built by photodissociation of a heavy seed
(p process, see [4]). For some special cases further processesare drawn on.

2. Motivation

For a deeper understanding of the nucleosynthesis process large reaction network calculations
including all involved nuclei are used to reproduce the observed abundance pattern. The needed
cross sections are predicted in theoretical models and to put constraints on the used input parame-
ters as much experimental data as possible is needed.
Most nuclei involved in the s process and undergoing neutroncapture are stable and the cross sec-
tions are usually well-known. However there are some longer-lived unstable nuclei in the process
path. Those are of special interest, because instead ofβ decay an additional neutron capture may
occur and lead to a branching of the process path.
For those branching points neutron capture cross sections can only be measured directly in some
special cases due to the difficulties with dealing with an unstable target [5], [6], [7]. These exper-
iments showed deviations up to 50% regarding to recommendedvalues based on [8]. Hence, it is
desirable to learn more about cross sections of the branching points. One approach is to study the
inverse (γ ,n) reaction. This has been successfully done in various cases using bremsstrahlung [9],
[10]. The drawback of this method is that only energy-integrated cross sections could be deter-
mined due to the usage of continuous-energy bremsstrahlungbeams.
At facilities with (quasi-)monoenergetic photon beams thecross section can be measured as a func-
tion of energy. However, typical energy widths for e.g. Compton backscattering facilities are about
100 keV [11]. The photon tagger system NEPTUN as described below can improve this situation
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Figure 1: On the left
side the level popu-
lation of 151Sm at a
stellar temperature of
T = 30 keV is shown.
The 5-keV level is
occupied at 29%. On the
right side the excitation
of 152Sm (at lab condi-
tions) by an E1 photon is
illustrated. The neutron
separation energy of
152Sm is 8257 keV. This
Figure is based on the
calculations presented in
[12].

with its energy resolution being better than 35 keV.
The convenience of this method will be illustrated for the branching point nucleus151Sm. In this
case the ground state neutron capture cross section has beendirectly measured [7]. However, under
stellar conditions, the 5-keV level is occupied at≈ 30% and its cross section might differ from
extrapolating assumptions (see Fig. 1).
For the inverse (γ ,n) reaction the specific channel152Smg.s.(γ ,n) 151Sm5 keV can be investigated at
NEPTUN. Indeed, the ground state cannot be separated from the 5-keV level, but transitions to
the ground state are suppressed due to angular momentum selection rules. This will allow to draw
conclusions about the (n,γ) cross-section of the first excited state of the branching point 151Sm.

3. The NEPTUN tagger setup

The basic concept of photon tagging is to select photons of a given energy out of a continu-
ous energy bremsstrahlung spectrum. For bremsstrahlung events conservation of energy yields
Eγ = E0−Ee with the photon energyEγ , the primary beam energyE0 and the energy of the scat-
tered electronEe. Thus, the photon energy is linearly connected to the energyof the scattered
electron. Its momentum can be determined in a spectrometer.By using a coincidence set-up the
energy of the photon can be inferred.
The Superconducting Darmstadt Linear Accelerator S-DALINAC delivers the monoenergetic elec-
tron beam for the low-energy photon tagger NEPTUN. The beam strikes a thin radiator target right
in front of the spectrometer. Typically, a gold target with athickness of about 10µm is used. Thus,
it is guaranteed that 99 % of the electrons produce at most onephoton. This ensures the correlation
between electron hits in the tagger and photon-induced reactions in the down-stream target.
The electrons which produce bremsstrahlung are scattered into a cone, whereas 99 % are located
within an angle of 8◦. The magnet’s acceptance has been chosen accordingly. To obtain a good
energy resolution the electrons have to be focussed in the dispersive plane of a dipole magnet.
Additionally a focussing perpendicular to the dispersive plane is necessary to minimize the dimen-
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sions of the focal plane detectors. A Clam-Shell magnet meets these demands. Fringe field effects
are reduced by active field clamps.
The focal plane detector array is built of 32 scintillating fibers attached to photomultipliers. The
profile of the fibers is quadratic and the width has been chosento 1 mm to exceed the resolution
power of the magnet. An upgrade to 128 fibers is in progress. This will enable to measure a
larger energy window in one run without a change of the magnetic field. At a photon energy of
Eγ = 10 MeV, the range will be about∆Eγ = 1 – 3 MeV depending on the arrangement of the 128
fibers. NEPTUN has been designed to tag photons in the energy range from 6 – 20 MeV.
The produced photons pass a copper collimator (40 cm thick) embedded in a shielding concrete
wall (≈ 1 m thick). This benefits the placement of detectors close to the experimental target posi-
tion at low-background conditions. The expected tagged photon flux at the target position is about
0.5×103 photons keV−1 cm−2 s−1. For more details see [13] and [14].
For (γ ,γ ′) experiments High-Purity Germanium Detectors are available. A neutron detector array
is built for the use in (γ ,n) experiments. The data acquisition system is based on VME. Its core is
a 128 channel multi-hit TDC, which is able to connect hits within a time window of 4µs. This is
mandatory to assign electron hits to slow neutron events like they occur in experiments close to the
particle threshold where the kinetic energy of the neutronsis low.

4. Test Experiments

The tagging quality of NEPTUN has been tested by placing a HPGe detector directly at the
experimental target position in order to measure the energyprofile of the photon beam. By gating
on one scintillating fiber (= a specific focal plane position)the photon energy could be chosen.
The resulting spectrum is reduced to the typical detector response of a HPGe on a monoenergetic
photon beam. This could be confirmed by GEANT4 simulations. The energy resolution is better
than 35 keV, which corresponds to the energy spread of the electron beam in this experiment (see
Fig. 2). Further improvement on the energy spread of the accelerator is in progress.
It could also be shown that even at high beam currents, the background around the experimental
target position is negligible. Detectors can be placed as close as about 10 cm to the target position
which helps to cover large solid angles.
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missing fiber

missing fiber

Figure 2: Left panel: Spectrum of a HPGe detector placed in the photon beam gated on one focal plane
position, i.e. one fiber. Right panel: Same setup as left panel showing focal plane position (fiber number)
vs. energy in the HPGe as a scatter plot (horizontal white lines are due to missing fibers). Full energy peak,
Compton edge, single and double escape lines can easily be distinguished. The energy resolution achieved
so far is better than 35 keV.
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5. Conclusions and Outlook

The high resolution low-energy photon tagger NEPTUN is a powerful tool for nuclear
astrophysics. As an example thesprocess branching point151Sm has been discussed.
A first test run demonstrated a 35-keV resolution of NEPTUN which is close to the design
specification of 25 keV. An even better resolution should be gained by improvements on the side
of the accelerator.
The upgrade of the focal plane detector array from 32 to 128 fibers is in progress and will lead to a
larger energy window to be measured at one setting of the magnetic field.
Further, the construction of a neutron ball consisting of liquid scintillators has been started.
Besides standard liquid scintillators also10B-loaded ones will be used to allow the discrimination
of photons against neutrons down to the lowest neutron energies.
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