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For the modeling of the astrophysicaprocess the knowledge of neutron capture cross sections
is crucial. Where experimental data is not available for(thyg) cross-section like e.g. short-lived
branching points, the observation of the invenga) reaction can provide useful information —in
particular, if the cross section can be measured as a funatienergy.

The NEPTUN tagger setup at the S-DALINAC delivers a suitggyéal photon beam (6—20MeV).

In a first test run the resolution turned out to be 35 keV whilelose to NEPTUN’s design
specifications.
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1. Introduction

Nuclei up to the mass area of iron can be synthesized by fusictions like they take place
in stars. For heavier nuclei charged-particle cross sextawe small even at stellar temperatures.
They are mostly produced by neutron capture reactions. @Gtieglishes mainly two different
processes: the rapid neutron capture process (so-aafedcess) and the slow neutron capture
process (so-callegprocess).

The most favored site for theprocess is the explosive scenario of a supernova. Tempesatil
aboutT ~ 3 x 10° K and neutron densities on the ordemgf> 10°° cm~2 are needed. As long as
the neutron flux endures several neutrons are capturedelfefecays occur [1], [2].

On the contrary the process takes place at lower temperatures along with loewtron densi-
ties. In generalf3 decays take place after the capture of only one neutron ihatable isotope is
reached. The reaction path follows the valley of stabilltge s process is classified as follows:

In low mass asymptotic giant branch (AGB) stars the main aomept is produced. A neutron
density ofn, ~ 10’ cm 2 at a temperature of ~ 9 x 10’ K is obtained. In the same evolutionary
phase recursive He flashes take place along with higheraredensities of, ~ 10t cm—3 and
temperatures of ~ 2.5x 10° K.

The production of the weak component takes place in massars gluring core He-burning
(h <100 ecm™3, T~ 3x 18 K) and also in the later carbon burning phasg £ 10 cm3,
T~ 10°K)[3].

Additionally, about one percent of the nuclei are built byomhissociation of a heavy seed
(p process, see [4]). For some special cases further procagsdsawn on.

2. Motivation

For a deeper understanding of the nucleosynthesis praggsreaction network calculations
including all involved nuclei are used to reproduce the olek abundance pattern. The needed
cross sections are predicted in theoretical models andttogmstraints on the used input parame-
ters as much experimental data as possible is needed.

Most nuclei involved in the s process and undergoing neutamiure are stable and the cross sec-
tions are usually well-known. However there are some lotiged unstable nuclei in the process
path. Those are of special interest, because instegddecay an additional neutron capture may
occur and lead to a branching of the process path.

For those branching points neutron capture cross sectamsmly be measured directly in some
special cases due to the difficulties with dealing with artalre target [5], [6], [7]. These exper-
iments showed deviations up to 50% regarding to recommevalees based on [8]. Hence, it is
desirable to learn more about cross sections of the bragguimts. One approach is to study the
inverse {,n) reaction. This has been successfully done in variousscasing bremsstrahlung [9],
[10]. The drawback of this method is that only energy-indégd cross sections could be deter-
mined due to the usage of continuous-energy bremsstrableggs.

At facilities with (quasi-)monoenergetic photon beamsdiess section can be measured as a func-
tion of energy. However, typical energy widths for e.g. Céomgbackscattering facilities are about
100 keV [11]. The photon tagger system NEPTUN as describmhvibean improve this situation



Nuclear Astrophysics with Tagged Photons Linda Schnorrenberger
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with its energy resolution being better than 35 keV.

The convenience of this method will be illustrated for thartwhing point nucleu$!Sm. In this
case the ground state neutron capture cross section hadibestty measured [7]. However, under
stellar conditions, the 5-keV level is occupied~at30% and its cross section might differ from
extrapolating assumptions (see Fig. 1).

For the inversey.n) reaction the specific channefSn?s (y,n) 151SnPkeY can be investigated at
NEPTUN. Indeed, the ground state cannot be separated frerB-KeV level, but transitions to
the ground state are suppressed due to angular momentwtiseheles. This will allow to draw
conclusions about the (#),cross-section of the first excited state of the branchirigtgéSm.

3. The NEPTUN tagger setup

The basic concept of photon tagging is to select photons ofemgnergy out of a continu-
ous energy bremsstrahlung spectrum. For bremsstrahlugigiseeonservation of energy yields
E, = Eo — E¢ with the photon energ§,, the primary beam enerdy, and the energy of the scat-
tered electrorE.. Thus, the photon energy is linearly connected to the enefdgie scattered
electron. Its momentum can be determined in a spectromBtetising a coincidence set-up the
energy of the photon can be inferred.

The Superconducting Darmstadt Linear Accelerator S-DAAINIelivers the monoenergetic elec-
tron beam for the low-energy photon tagger NEPTUN. The bddkes a thin radiator target right
in front of the spectrometer. Typically, a gold target witthizkness of about 12m is used. Thus,

it is guaranteed that 99 % of the electrons produce at mogplooi@n. This ensures the correlation
between electron hits in the tagger and photon-inducedioeadn the down-stream target.

The electrons which produce bremsstrahlung are scattetedicone, whereas 99 % are located
within an angle of 8 The magnet's acceptance has been chosen accordingly. tdio @bgood
energy resolution the electrons have to be focussed in 8pediive plane of a dipole magnet.
Additionally a focussing perpendicular to the dispersilanp is necessary to minimize the dimen-
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sions of the focal plane detectors. A Clam-Shell magnet snbesse demands. Fringe field effects
are reduced by active field clamps.

The focal plane detector array is built of 32 scintillatinefis attached to photomultipliers. The
profile of the fibers is quadratic and the width has been chasdnmm to exceed the resolution
power of the magnet. An upgrade to 128 fibers is in progresss whl enable to measure a
larger energy window in one run without a change of the magrieid. At a photon energy of
E, = 10 MeV, the range will be abolfE, = 1 — 3 MeV depending on the arrangement of the 128
fibers. NEPTUN has been designed to tag photons in the engngg from 6 — 20 MeV.

The produced photons pass a copper collimator (40 cm thitkjedded in a shielding concrete
wall (=~ 1 m thick). This benefits the placement of detectors closbd®kperimental target posi-
tion at low-background conditions. The expected taggedgohfiux at the target position is about
0.5 x 10% photons keV'! cm™2 s~1. For more details see [13] and [14].

For (y,y) experiments High-Purity Germanium Detectors are avilalA neutron detector array
is built for the use iny,n) experiments. The data acquisition system is based on.\ldlEore is

a 128 channel multi-hit TDC, which is able to connect hitshivita time window of 4us. This is
mandatory to assign electron hits to slow neutron everggiiky occur in experiments close to the
particle threshold where the kinetic energy of the neutistew.

4. Test Experiments

The tagging quality of NEPTUN has been tested by placing a ¢1B&ector directly at the
experimental target position in order to measure the enamgffle of the photon beam. By gating
on one scintillating fiber (= a specific focal plane positioing photon energy could be chosen.
The resulting spectrum is reduced to the typical detectgporese of a HPGe on a monoenergetic
photon beam. This could be confirmed by GEANT4 simulationise &nergy resolution is better
than 35 keV, which corresponds to the energy spread of tlotre@tebeam in this experiment (see
Fig. 2). Further improvement on the energy spread of thel@@ter is in progress.

It could also be shown that even at high beam currents, thegbaend around the experimental
target position is negligible. Detectors can be placed @secas about 10 cm to the target position
which helps to cover large solid angles.
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Figure 2: Left panel: Spectrum of a HPGe detector placed in the photambgated on one focal plane
position, i.e. one fiber. Right panel: Same setup as leftlmm@ving focal plane position (fiber number)
vs. energy in the HPGe as a scatter plot (horizontal whitesslare due to missing fibers). Full energy peak,
Compton edge, single and double escape lines can easilytiegdiished. 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 agufu¥ tool for nuclear
astrophysics. As an example thprocess branching poiftiSm has been discussed.
A first test run demonstrated a 35-keV resolution of NEPTUNkWlis close to the design
specification of 25 keV. An even better resolution should &ieed by improvements on the side
of the accelerator.
The upgrade of the focal plane detector array from 32 to 128dils in progress and will lead to a
larger energy window to be measured at one setting of the atiagield.
Further, the construction of a neutron ball consisting dilil scintillators has been started.
Besides standard liquid scintillators af$-loaded ones will be used to allow the discrimination
of photons against neutrons down to the lowest neutron Eserg
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