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Abstract

The majority of the light elements up to iron (Fe) are formed by successive rounds of ther-
monuclear fusion burning in the stellar interiors. The nuclei heavier than iron (Z>26) are
being synthesized mainly by neutron-capture reactions - the astrophysical r-and s-processes.
There are 35 neutron deficient stable isotopes between Se and Hg which are shielded from the
rapid neutron capture by stable isobars. These so-called p-nuclei are produced in explosive
stellar environments via photodisintegration reactions like (γ,n), (γ,p) and (γ,α) on r- or s-
seed nuclei. The reaction rates of the p-nuclei are mostly based on theoretical parameteriza-
tions using statistical model calculations. At the bremsstrahlung facility of the superconducting
electron accelerator ELBE, photon-induced reactions of the p-nuclei are being studied.
In the scope of this thesis work, photodisintegration measurements of the p-nuclei 92Mo and
144Sm have been performed via the photoactivation technique. The residual nuclei resulting
from photoactivation were studied via γ-ray spectroscopy. For the decay measurements of
short-lived nuclei, a pneumatic delivery system has been used. In the case of 144Sm(γ,p) and
144Sm(γ,α) reactions, the activated samarium samples with very low counting statistics were
measured at the underground laboratory ”Felsenkeller” in Dresden. The experimental activa-
tion yields for the 144Sm (γ,n), (γ,p) and (γ, α) and the 92Mo(γ, α) reactions were determined.
It is to be emphasized that the (γ,p) and (γ, α) reactions were measured for the first time in a
laboratory at astrophysically relevant energies.
In all the mentioned experiments, special care was taken to determine the endpoint energy of
the bremsstrahlung spectra by using the photodisintegration of deuteron. The 197Au(γ,n)196Au
reaction has been established as an activation standard. The photoactivation yields for the
197Au(γ,n) and 144Sm(γ, n) reactions have been compared to the yield calculated using cross
sections from previous photoneutron experiments. A comparison of the two data sets leads to
a conclusion on the inaccuracies in previous data. The statistical uncertainties involved in the
activation experiments are very small except for the case of decay spectra with weak counting
statistics. The systematic uncertainties are mostly from the experimental determination of
photon flux. A detailed discussion of the overall uncertainty is provided.
Hauser-Feshbach statistical model calculations using TALYS and NON-SMOKER codes have
been performed for all the concerned reactions. The experimental activation yields, in general,
agree within a factor of 2 to the simulated yields using statistical model predictions. The
sensitivity of the model codes to the nuclear physics inputs like optical-model potentials, nuclear
level densities and γ-ray strength functions has been tested.
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Chapter 1

Introduction

It is always a fascinating world: the night sky with its twinkle tiny objects. We often wonder
- how the stars are born, galaxies are formed, what is beyond our earth? Many of these were
answered by astronomy and astrophysics. These two research areas are dealing with the physics
of the universe on a cosmic scale and serve as the key to explore many features of it.
Citing Carl Sagan’s famous quote ...”we are made of star stuff”, an accepted fact could be
emphasized - the building elements of human bodies are the debris from stars. Most of the
elements heavier than hydrogen and helium were created and processed in the interior of stars
and similar systems like supernovae before they were ejected into space. The elements in our
body: iron, calcium, carbon, nitrogen, all were formed in the interior of the stars at extreme
temperature and pressure conditions.
The link between the two - connecting the cosmic scale astrophysics to the micro scale nu-
cleus opened up the way to the exciting new field of Nuclear Astrophysics. With a history
extending back to not more than fifty years, it is now the most powerful tool to study the key
processes governing the element formation in the universe. The foundation stone was laid by
the benchmark paper in 1957 from E. M. Burbidge, G. R. Burbidge, W. Fowler and F. Hoyle
(B2FH, [Burb57]) which provided a wonderful explanation of the nucleosynthesis processes in
the stellar evolution stages.
Now the interdisciplinary research in Nuclear Astrophysics is one of the most attractive fields
of science. Forty years after the publication of B2FH, in 1997, Wallerstein et al. [Wall97]
summarized the new discoveries and developments in nucleosynthesis and stellar evolution.
One of the open questions which calls for special attention was pointed out to be heavy element
synthesis beyond iron. The motivation behind this dissertation falls into this category, especially
to the studies of the heavy element species categorized as p-nuclei.
In this thesis, photodisintegration measurements of the p-nuclei 92Mo and 144Sm have been
performed via the photoactivation technique. The Mo isotopes are underproduced significantly
in the p-nucleosynthesis network calculations and experimental information about the photo-
disintegration of Mo is of high demand in the nuclear astrophysics community. In this work,
the first experimental results from the 92Mo(γ, α) reaction are provided. The nuclides 144Sm
and 146Sm have been identified as a pure p-process chronometer pair and there were many
efforts to determine the 146Sm/144Sm production ratio experimentally. In general, it is highly
necessary to provide experimental information to test the nuclear-physics-related uncertainties
in the p-process model predictions. Systematic investigation of the (γ,α) reactions in the mass
region A≥140 is considered to be very important. The experimental activation yields for the
144Sm (γ,n), (γ,p) and (γ, α) reactions are determined in this work.
The second chapter starts with an overview of the stellar nucleosynthesis processes. In partic-



2 Introduction

ular, the heavy element synthesis is discussed with special emphasis on the p-nuclei formation
mechanisms. In the second part of Chapter 2, the experimental studies so far on these so-called
nuclear astrophysics p-nuts are outlined briefly. The nuclei under discussion in the context of
this thesis - Mo and Sm, are introduced in the last part of Chapter 2.
In Chapter 3, a description of the photoactivation facility at the superconducting electron
accelerator ELBE is given. There are two irradiation sites: the photoactivation site with a high
photon flux and the photon scattering site equipped with detectors to measure the scattered
γ-rays online. In this chapter, the techniques used for the determination of photon flux and
the bremsstrahlung endpoint energy are presented.
For the reaction yield determination, the activated targets are studied by γ-ray spectroscopy.
The γ-counting facilities are described in Chapter 4. The pneumatic delivery system for the
decay studies of short-lived nuclei and the measurements at the underground γ-counting labo-
ratory ”Felsenkeller” are discussed in detail.
In Chapter 5, experimental results from the photodisintegration studies of 144Sm and 92Mo will
be presented and compared to the theoretical predictions using Hauser-Feshbach models. The
model codes TALYS and NON-SMOKER were used for simulating the activation yield. The
197Au(γ,n)196Au reaction has been established as an activation standard. The photoactivation
yields have been compared to the yield calculated using cross sections from previous experi-
ments. The statistical and systematic uncertainties involved in the photoactivation experiments
are discussed in detail in the last section of Chapter 5. The sensitivity of the statistical model
calculations to their nuclear physics inputs are tested in Chapter 6. A brief summary and an
outlook on the future perspectives are given in the concluding chapter.



Chapter 2

Physics Background

In this chapter, the nucleosynthesis processes in stars are briefly introduced with particular
emphasis on the trans-iron element formation processes. The p-nuclei formation via photodis-
integration reactions are discussed in detail. The current experimental status regarding the
p-nuclei studies is described along with the motivation for focusing our studies on the p-nuclei
144Sm and 92Mo.

2.1 Stellar nucleosynthesis

The solar abundance distribution compiled by Anders and Grevesse [Ande89] summarized the
observational data from the chemical analysis of meteoroids as well as solar/stellar spectral
analysis. It was clear that the observed abundance pattern cannot be described by a sin-
gle nucleosynthesis model. The different nucleosynthesis processes were already proposed by
B2FH [Burb57] following the atomic abundance curve from Suess and Urey [Sues56]. The clas-
sification was based on the mass of the element, stellar conditions and observational evidences.
Nucleosynthesis is the process by which new atomic nuclei are formed from preexisting protons
and neutrons, the nucleons. The primordial nuclei like H, D, He and Li originated in the big
bang. All of the heavier nuclides with A ≥ 12 were produced later in the stellar interiors.
The first stage in the nucleosynthesis is the fusion process which effectively converts hydrogen
to helium. The helium nuclei are produced mainly either by the proton-proton chain reac-
tion [Beth38] or the CNO cycle [Beth39] in which four protons fuse using carbon, nitrogen
and oxygen isotopes as a catalyst to produce one 4He nucleus, two positrons and two electron
neutrinos. For stars with the size of sun or smaller, the proton-proton chain reaction dominates
whereas for the stars heavier than about 1.5 times the mass of the sun, the CNO cycle is more
important.
The 4He ashes of hydrogen burning then become the fuel for helium burning, where helium
nuclei combine to form 12C and 16O. For a star with a mass similar to the sun this is the
last burning stage. After throwing off much of its envelope as a planetary nebula, such a
star will ultimately become a white dwarf, supported against gravitational collapse by the
outward pressure of its degenerate electrons and slowly starts to cool. For more massive stars,
subsequent stages of stellar evolution produce successively heavier nuclei from 12C and 16O by
carbon, neon, oxygen and silicon burning. These processes are responsible for the synthesis of
most of the nuclei from neon to somewhat beyond iron.
A simple schematic representation of the evolution of a massive star (M ≈ 25M¯, M¯ - mass
of the sun) is given in Fig. 2.1. As illustrated, the evolution of the central regions of a massive
star is made of successive thermonuclear burning stages and phases of gravitational contraction



4 Physics Background

Figure 2.1: Schematic representation of the evolution of the internal structure of a spherically-
symmetric massive (M ≈ 25M¯) star (from [Arno03]). The nuclear burning stages are given
by shaded zones. A given burning phase starts in the central regions and then migrates into
thin peripheral burning shells. The central temperatures Tc, central densities ρc and time
scales of the core burning phases are also indicated. The downward arrows denote episodes of
gravitational contraction.

and heating. The star, in general, is a bound object which self-confined by its own gravity
according to the virial theorem. As per the theorem, the total kinetic energy for a star in
hydrostatic equilibrium is equal to one half the total potential energy by magnitude. Using the
virial theorem, for a given radius of collapse, one could make a prediction of the temperature
of the hydrogen gas in terms of the kinetic energy and could make a prediction about when it
would reach the ignition temperature for hydrogen fusion.
The first burning stages produce energy through charged-particle induced reactions. In the
latter phases, the temperature increases from several tens of 106 K to about 4×109 K. The
iron-peak nuclei with 50 ≤ A ≤ 60 are shown with the chemical symbol ’Fe’. Finally, the iron
core explodes in a catastrophic explosion referred to as a core collapse supernova (CCSN) event.
In a CCSN event, the most central parts generally leave a residue (neutron star or black hole)
whereas the rest of the stellar material is ejected into the interstellar space.

2.2 Nucleosynthesis beyond iron

Elements up to iron are formed in the stellar interiors by the charged-particle-induced reactions
starting with hydrogen and helium burning. The element abundances show an exponential
decrease with the exception of a sharp peak at iron (A=56). Beyond iron, the heavy elements
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are formed by successive neutron captures using prevailing neutron fluxes in the stellar interiors.
Depending on the time scale, temperature and neutron densities, these are quantified as s- and
r- processes. The p-process is responsible for the formation of the neutron deficient nuclei which
are shielded from the neutron capture processes.
The heavy nuclide abundance distribution splitted into three separate curves for s-, r- and
p-nuclides is given in Fig. 2.2. From the figure, one could infer that about half of the heavy
nuclei in the solar material comes from the s-process, and the other half from the r-process.
The abundances of the p-nuclei are in the order of (0.0-1%), a factor of ≈100 smaller than the
adjacent r- or s- species. The three different processes are described in detail in the following
sections.

Figure 2.2: Solar abundances of trans-iron elements splitted into different components. The
different contributions are from s-process (solid line), r-process (open circles) and p-process
(squares). Vertical bars represent the uncertainties on the abundances of some nuclides due to
a possible s-process contamination (from [Arno03]).

2.2.1 The s-process

The s-process is the slow neutron capture process which occurs on a time scale ranging from
∼100 years to ∼105 years. In this process, the time between successive neutron captures is
much larger than the lifetimes of intervening beta-decays. The s-process peaks in the solar
abundance distribution are at A = 90, 138 and 208. For a detailed review of the s-process
nucleosynthesis, see [Kaep99].
The resulting isotopic abundances from the s-process chains are inversely proportional to the
neutron capture reaction rates. For the closed neutron shell isotopes, the neutron capture rates
are small and hence they peak up in the solar-system abundance distribution.
There are two components which explain the observed s-process abundance distribution -the
main and the weak. The main component is responsible for the production of elements between
Zr and Bi. The production site of the main component is the low mass asymptotic giant
branch (AGB) stars. For a star in the AGB stage (M¯ ≤M≤ 8M¯), the core of extremely



6 Physics Background

dense carbon and oxygen is surrounded by a helium-burning shell which periodically ignites in
a violent helium-flash [Boot06]. The neutron sources producing neutrons for main s-processing
are 13C(α,n)16O and 22Ne(α,n)25Mg. Isotope production is directly proportional to the rates
of these reactions. The synthesized elements are dredged to the star’s surface where they can
be observed and are ejected into the interstellar medium by stellar wind. The weak s-process
component synthesizes s-process isotopes of elements from the iron group up to Sr and Y and
takes place at the end of helium and carbon-burning in massive stars. These massive stars will
become supernovae at their final stages and eject the s-nuclei into interstellar space.
Experimentally, there have been extensive efforts to study the s-process nuclei and neutron-
capture cross sections are now available for a wide range of isotopes [Bao00, Dill06]. Due to
the long half-life of the branching-point nuclei along the s-process path, it is hard to study the
direct capture reaction on these isotopes. Alternatively, the neutron-capture cross sections of
the s-process nuclei are derived by studying the inverse reaction (γ,n) of the stable neighboring
nucleus. In this regard, exciting results have been published from the experiments at the
S-DALINAC accelerator facility in Darmstadt [Sonn03, Muel06].

2.2.2 The r-process

The r-process, as the name indicates, is the rapid neutron capture in which the interval between
captures is much shorter than the lifetime for beta decay. The rapid capture takes place under
the environment of high temperature (∼109 K), high neutron density (>1020cm−3) and short
time scales (0.01-10 s).
The r-process peaks at mass numbers A=130 and 195, about 10 units away from the s-
abundance peaks at A=138 and 208. These are caused by the neutron magic numbers N=50, 82
and 126. The neutron magic nuclides accumulate far away from the valley of stability whereas
the s-process nuclei were located close to the valley of stability. Later on, after termination
of the neutron flux in the r-process, the extremely neutron-rich isotopes decay back to the
valley of stability. The abundance maxima for r-process are located in mass regions below the
corresponding s-process abundance peaks.
In the r-process, the abundance maximum in each isotopic chain is identified with nuclides of
even neutron number. In a particular isotopic chain where the rate of capture is balanced by
the rate of photodisintegration (waiting point approximation), the even-N isotopes show the
significant abundances and represent the waiting points. The isotopic equilibrium abundance
of each element is determined by the corresponding neutron capture Q-values. The further
transfer of matter to the adjacent isotopic chains proceeds through β− decays. Then again
another equilibrium within the corresponding chain is formed and the repetitive sequence gives
rise to the r-process path. One thing to be noted is that the relative amount of r-process
nuclide abundance is not correlated with its neutron capture cross section; instead to the total
β− decay probabilities of the isotopic chains.
The above referred conditions hold together for the classical r-process model which describes
the behavior of the r-abundance distribution in the solar system. The astrophysical sites are
mostly massive stars which provide high neutron densities and sufficiently high temperatures
over short time scales. The possible sites for r-nuclei production include merging neutron stars,
magnetized jets from asymmetric massive star explosions and neutrino-powered wind from type
II supernovae. However, at present the astrophysical site of the r-process is under debate. An
overview of the studies on r-process nuclei are given in [Cowa91].
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Figure 2.3: The possible routes for the formation of p-nuclides (black square) from r- or s-seeds
(black dots). Unstable nuclei are represented by open dots. For details, see text.

2.2.3 The p-process

From the previous sections, we have seen that about 50% of the observed abundances could be
reproduced well in the network calculations by the s- or r-processes. However, the group of 35
neutron-deficient nuclei between 74Se and 196Hg are shielded from the r- or s-process by stable
isobars. These are classically referred to as the p-nuclei. A detailed description of the p-process
nucleosynthesis is given in Refs. [Lamb92, Arno03].
The abundance distribution peaks at 92Mo, 112Sn and 144Sm (see Fig. 2.2). The astrophysical
production sites as well as the experimental needs for the nuclear astrophysics p-nuts ( [Arno03])
will be discussed in the following sections.

2.3 The p-nuts in detail

From Fig. 2.2, it is evident that p-elements do not exist while some elements have their abun-
dances dominated by a r- or s-nuclide. The solar system abundances of the p-nuclides are given
in Table 1 of Ref. [Arno03]. It has been a great challenge to categorize the astrophysical sce-
narios contributing to the p-nuclei synthesis. There are three different processes by which the
p-nuclei are produced - the γ-process (photodisintegration), the rp-process and the neutrino
process.
For the p-process modeling, precise knowledge of the astrophysical reaction rate is necessary.
The present astrophysical reaction rates exist only from statistical model calculations. The
astrophysical reaction rates for p-nuclei were investigated by [Rapp06] using a full nuclear
reaction network for a Type II supernova explosion. The impact of nuclear reaction rates on the
predicted p-process abundances were tested by using simulations for different sets of collectively
and individually modified neutron-, proton-, and α-capture and photodisintegration rates. The
results of the simulations reveal the extreme importance of experimental studies on p-nuclei
to test the input parameters of model calculations. In the following subsections, the different
modes of p-nuclei production and experimental attempts to investigate the p-nuclei will be
described.
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2.3.1 Production of p-nuclides

The observed abundances of the p-nuclei are mainly from the analysis of the class of meteorites
called carbonaceous chondrites. The elemental and isotopic abundances were tabulated by
Anders and Grevesse [Ande89].
As already mentioned, one of the modes for p-nuclei formation is the photodisintegration of
previously existing r- or s- seed nuclei. For initiating the γ-process, a hot photon environment
(∼2-3 GK) is necessary. In such a hot photon bath, the high energetic photons in the tail of
the Planck spectrum can induce photodisintegration reactions like (γ,n), (γ,p) and (γ,α) on
seed nuclei. A very schematic way of four different possible routes through which seed s- or
r-nuclides can be transformed into p-nuclides is given in Fig 2.3 (taken from [Arno03]). The
succession of (p,γ) or (γ,n) reactions leading to the formation of p-nuclides are indicated by
routes (1) and (2). The p-nuclide formation via slightly complicated routes are - (p,γ) reactions
followed by β-decays (3) and combination of (γ,n) and (γ,p) or (γ,α) and β-decays (4).
The temperature and timescale should be ideal for photon induced reactions, but should not
sustain for a long time which would result in all seeds decaying back to the iron peak nuclei. An
ideal site for p-process is thus a core collapse supernova event, the final stage of stellar burning
in a spherically-symmetric massive star (see Fig. 2.1). Examples are types Ib, Ic, and type II
supernovae which result from the collapse of the iron core of a massive star at the end of its
life. The photodisintegration along a particular isotopic chain depends on the decay constants
for the ejection of neutrons, protons or alpha particles. In the isotopic chain, while moving
to the neutron-deficient nuclei, the (γ,n) threshold increases. The energy required to remove
a proton or alpha particle is smaller and hence (γ,p) and (γ,α) will dominate over the (γ,n)
reactions. Such a situation is marked as the branching point. Generally, the even-N nuclei in
an isotopic chain tend to be the branching points where the material accumulates and it turns
into a p-nucleus except for a few cases. The β-decays are much slower and are negligible. The
(p,γ) or (α,γ) reactions don’t play a role in the γ-process.
The most favored scenario for the p-nuclei production are O-Ne-rich layers of a massive star and
the p-process flow occurs when the shock wave passes through the layer resulting in different
temperatures for different zones. It has been shown that the p-nuclei with masses 92 ≥ A ≥
144 are mainly produced in the stellar zones with temperature range 2.5-3.0 GK. Except for a
few discrepancies, the solar system abundances of the p-nuclei have been reproduced within a
factor of 3 [Haya04].
The synthesis of some of the lighter p-process nuclides such as isotopes of Mo and Ru was not
reproduced in the γ-process models. The two other possible mechanisms suggested were rp-
process and neutrino-induced nucleosynthesis. The rapid proton capture process (rp-process)
consists of consecutive proton captures onto the seed nuclei to produce heavier elements and it
occurs on the proton-rich side of the valley of stability [Wall81].
The main production sites of rp-process are associated with the thermonuclear explosions in
accreting binary star systems - novae, X-ray bursts and Type Ia supernovae. In a binary system
of a high and low mass star, the higher mass star will evolve faster and will eventually become a
compact object - either a white dwarf star, a neutron star, or a black hole. Later on, the lower
mass star evolves into an expansion phase and when it is so close to the compact star its outer
atmosphere actually falls onto the compact star. This creates an accretion disk which is rich in
hydrogen and helium and temperatures are typically around 108K. Gas in this accretion disk
heats up, and eventually falls onto the compact star. The runaway thermonuclear explosion
leads to the rp-process which is generally observed in neutron star binaries as an X-ray burst.
The third mechanism of p-nuclei production, the neutrino-process occurs in the high neutrino
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flux produced by the protoneutron star in a core-collapse supernovae [Woos90]. In the ν-
process certain nuclides can be made by neutrino-induced spallation of nuclei in the outer
shells of a massive star during a supernova explosion. This can affect the abundances of r-
process nuclei, especially those on the lower-mass side of the r-process peaks, and produce a
significant abundance of rare isotopes like 7Li, 11B, 19F, 138La, and 180Ta. It may also produce
light p-nuclei such as 92Mo. The cross sections for the relevant neutrino-induced reactions
can be deduced from inelastic hadron scattering and charge exchange studies at fragmentation
facilities.
In order to explain the existence of Sr and other elements beyond Fe in the very early stage
of galactic evolution, a new light element primary process (LEPP) named νp process has been
proposed by [Froe06]. It could contribute to the nucleosynthesis of the light p-nuclei as well. The
relevant astrophysical sites for the νp process are the inner ejecta of core collapse supernovae
or winds from the accretion disk in the collapsar model of gamma-ray bursts. The neutrino-
induced nucleosynthesis of the nuclei with A > 64 has been discussed in detail by Froehlich et
al. [Froe06].

2.3.2 Experimental situation

As already mentioned, the information on experimental reaction rates involved in the p-process
nuclear flows are very scarce. The experimental information available so far is either from
reactions that involve neutrons or charged particles.
The p-nuclei studies by photon-induced reactions have the limitation that they concern stable
targets only. In order to calculate the stellar rates, one needs to take into account that the nuclei
can be in excited states in the stellar environment. However, the ground state reaction rates
themselves are extremely important since they are used to validate the nuclear physics inputs
to theoretical model calculations. The (γ,n) cross sections have been directly measured at en-
ergies around the giant dipole resonance (GDR) [Diet88]. These are not of direct astrophysical
relevance. The experimental data of importance to the p-nuclei lie close around the photodisin-
tegration threshold and this energy region have been investigated using bremsstrahlung photons
at the S-DALINAC facility in Darmstadt [Mohr00, Sonn04]. The technique used at Darmstadt
is based on the principle that the superposition of bremsstrahlung spectra with different end-
point energies yields a γ-ray distribution that can approximate a black-body Planck spectrum
at a given temperature. For example, this method has been used to measure the cross section of
198Pt(γ,n)197Pt reaction at energies of astrophysical interest [Vogt01]. Recently, there has been
interesting experimental results from the S-DALINAC experiment regarding the photodisinte-
gration reactions of the isotopes in the rare-earth region [Hasp08a, Hasp08b]. The photoneutron
cross sections of 148,150Nd, 154Sm, 154,160Gd close to the neutron emission threshold has been
determined and compared to the statistical model calculations.
Another method to probe the photon-induced reactions is by using the Laser Inverse Comp-
ton scattering (LIC) technique which can produce quasi-monochromatic γ-rays. The major
advantage of this method is the availability of high intense γ-rays in the energy window of as-
trophysical interest, i.e., close to the neutron threshold. The method has been used to measure
the rates of some astrophysically relevant (γ,n) reactions [Utsu03, Utsu06]. In particular, the
181Ta(γ,n)180Ta cross section has been measured which is of special importance for the p-process
modeling [Utsu03].
The experimental data on charged-particle induced reactions like (p,γ) and (α,γ) are scarcer
than the reactions involving neutrons due to the extremely low cross sections at the sub-
Coulomb energies of astrophysical interest. The (p,γ) cross sections of interest to the p-process
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Figure 2.4: Averaged normalized overproduction factor for the neutron-deficient p-nuclei from
network calculation with standard reaction rates (from [Rapp06]). The factor is defined to be
equal to unity when the simulated abundances match with the observed solar values.

have been measured using the activation method or in-beam measurements [Gyur01, Gyur03,
Gala03, Chlo99, Haris01, Saut97]. Experimental data are available only for stable targets up
to about Sn and an extension towards Z>50 targets is on high demand since it will provide the
stellar (γ,p) reaction rates through the reciprocity theorem. The experimental data on (α,γ)
reactions are even fewer- the only reactions that have been studied at sub-Coulomb energies are
the (α,γ) reactions on 70Ge [Fulo96], 96Ru [Rapp01], 112Sn [Ozka02] and 144Sm [Somo98]. The
144Sm(α,γ)148Gd reaction has been measured using an activation method based on the off-line
γ-activity measurement of the 148Gd residual nucleus and is of special astrophysical interest.
The cross sections and astrophysical S-factors have been measured at low energies which are
important in the modeling of the α-nucleus optical potentials (see [Somo98]). A summary of
the experimental approaches and associated problems involved in p-nuclei studies are given
in [Arno03, Mohr07].

2.4 The p-nuclei 92Mo and 144Sm

As already discussed in Sect.2.3.1, the present models for the p-nuclei production call for its
development in the O/Ne rich layers of Type II supernovae. The average normalized overpro-
duction factor < Fi > /F0 for the p-nuclei from recent calculations by [Rapp06] performed with
a multilayered model adopting the seed of a pre-explosion evolution of a 25M¯ star is given in
Fig. 2.4. The overproduction factor < Fi > gives the efficiency of a particular nucleosynthe-
sis process in contributing to the observed solar abundance distribution. F0 (

∑
<Fi>

35
) is the

averaged overproduction factor for the 35 p-only nuclides. Even though this model success-
fully reproduces the solar system abundances, the light Mo (92Mo, 94Mo) and Ru (96Ru,98Ru)
isotopes are still underproduced.
Despite the considerations for the contributions from other nucleosynthesis processes (rp-
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process, νp process), the underproduction phenomena is still the main enigma in p-process
simulations. There has been an interesting proposal from Costa et al. [Cost00] that this un-
derproduction could be related to the uncertainties left in the rate of the neutron producing
reaction 22Ne(α,n)25Mg. This reaction is the key neutron producer and has a direct impact
on the predicted abundances of the s-seeds for the p-process. It has been suggested that the
problem of underproduction could be cured if the 22Ne(α,n)25Mg rate is increased by factors of
about 5-10 with respect to the proposed rates in NACRE compilation [Angu99]. However, the
experiment from Jaeger et al. [Jaeg01] provided a 22Ne(α,n)25Mg rate which is roughly equal to
the NACRE rate for 2-3×108 K. This leads to the conclusion that the underproduction of Mo
and Ru isotopes is not related with the 22Ne(α,n)25Mg rate and leaves it as an open problem.
The other possible contributions which could account for the measured 92,94Mo and 96,98Ru
abundances are currently under investigation. It is thus highly favorable to have experimental
information regarding these nuclei.
The nuclide 144Sm has been in the frame of the p-process chronometer 146Sm [Audo72]. The
nuclides 144Sm and 146Sm were identified as a pure p-process chronometer pair. The p-process
chronology, in general, would provide information about when the process occurred which in
turn will shed light on the astrophysical sites of p-nuclei formation. There were several efforts to
determine the 146Sm/144Sm production ratio experimentally which varies due to uncertainties
in different inputs entering the calculation, see [Somo98]. One of the important nuclear physics
input is the proper optical potential at energies of astrophysical relevance which has been
derived from 144Sm(α,α)144Sm elastic scattering [Mohr97].
The nuclear-physics-related uncertainties in the p-process model predictions were investigated
recently by Rapp et al [Rapp06]. A list of the most critical p-process reaction rates (with their
respective inverse reactions) which will influence the final p-abundances is given (see Table 2
and Table 3, [Rapp06]). The 92Mo(γ, p)91Nb and 156Er(3γ,3α)144Sm reactions were among the
list of the reaction chains which strongly influence the p-process flow. In general, systematic
investigation of the (γ,α) reactions in the mass region A≥140 is found to be very important.
Experimental information on these rates is necessary for reducing the inherent nuclear model
uncertainties.
In the scope of this thesis work, the (γ,n), (γ,p) and (γ,α) reactions on 144Sm have been
investigated via photoactivation method for the first time at energies of astrophysical interest.
The (γ,p) and (γ,n) reactions on 92Mo are discussed in detail in the thesis work of [Erha09].
The 92Mo(γ, α) experiments will be discussed in the following chapters.
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Chapter 3

Photodisintegration via real photons at
ELBE

The photodisintegration experiments were performed at the photoactivation facility of the
ELBE accelerator of the Forschungszentrum Dresden-Rossendorf, Dresden. ELBE serves as an
outstanding bremsstrahlung facility with intense photon beams of endpoint energies between 6
and 18 MeV. These beam parameters provide a unique environment to probe photon-induced
reactions.
The p-nuclei 92Mo and 144Sm were studied using the photoactivation technique. In this chapter,
the photoactivation facility will be presented in detail. The second part of this chapter is dedi-
cated to the description of the photon flux and bremsstrahlung endpoint energy determination
procedures adopted for this work.

3.1 The ELBE accelerator

The radiation source ELBE (Electron Linac of high Brilliance and low Emittance) delivers
multiple secondary beams, both electromagnetic radiation and particles. ELBE is in operation
since 2003 and delivers continuous wave electron beams with a maximum energy of 40 MeV
at a maximum average current of 1 mA [Gabr00]. Electrons are pre-accelerated in a 250 keV-
thermionic DC electron-gun and pre-bunched in two Radio-Frequency (RF) buncher sections.
Main acceleration is accomplished in two 20 MeV-superconducting linear accelerator modules
operated at 1.3 GHz. Each accelerator module uses standing wave RF cavities designed for the
TESLA test facility at DESY1. Two 9-cell superconducting niobium cavities are operated in
a cryo-module with superfluid liquid helium at a temperature of 1.8 K. Each cavity is driven
by a 10 kW klystron amplifier. The maximum accelerating gradient is 15 MV/m. There is an
electromagnetic chicane between the two modules which optimizes the micropulse duration and
energy spread of the beam.
A schematic layout of the ELBE facility is given in Fig. 3.1. The different experimental facilities
associated with the ELBE accelerator are also shown. The bremsstrahlung facility is located
before the second linac module (the nuclear physics cave, see Fig. 3.1). The electron beam
is deflected from the main path and hits the radiator producing bremsstrahlung. The beam
parameters used for bremsstrahlung experiments are given in Table. 3.1.

1Deutsches Elektronen-Synchrotron, Hamburg, Germany.
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Figure 3.1: A schematic layout of the ELBE accelerator and associated facilities. Before linac
2, the electron beam is deflected out of the main beam line to the Nuclear Physics cave for
production of bremsstrahlung. The dipole magnets are marked in green, vertically focussing
quadrupoles in red and horizontally focussing quadrupoles in blue.

Electron beam energy 6− 18 MeV
Max. bunch charge 58 pC

Max. average beam current 750 µA
Micropulse duration 5 ps

Micropulse repetition rate 13 MHz

Table 3.1: Beam parameters used for bremsstrahlung experiments at the ELBE accelerator.

3.2 Photoactivation method

The photoactivation method essentially consists of two steps

1. irradiation of the target nuclei (e.g,92Mo, 144Sm ) of interest,

2. decay measurement of the daughter nuclei resulting from photoactivation.

The irradiation is performed in a highly intense photon beam. The number of radioactive nuclei
Nact(E0) produced is proportional to the integral of the absolute photon fluence (time integrated
photon flux) Φγ(E,E0) times the photodisintegration cross section σγ,x(E). The integral runs
from the reaction threshold energy Ethr up to the endpoint energy E0 of the bremsstrahlung
spectrum. The symbol x = n, p, α denotes the emitted particle.

Nact(E0) = Ntar ·
∫ E0

Ethr

σγ,x(E) · Φγ(E, E0) dE (3.1)

After irradiation, the γ-rays following the β-decays of the radioactive sample are measured
using High Purity Germanium (HPGe) detectors. The number of radioactive nuclei Nact(E0)
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is determined using the formula:

Nact(E0) =
N corr

γ (Eγ, E0) · κcorr

ε(Eγ) · p(Eγ)
(3.2)

N corr
γ (Eγ, E0), ε(Eγ) and p(Eγ) denote the dead-time and pile-up corrected full-energy peak

counts of the observed transition, the absolute photopeak efficiency of the detector at the
energy Eγ and the emission probability of the photon with energy Eγ respectively.
The factor κcorr in Eq. (3.2) is given by

κcorr =
exp ( tloss

τ
)

1− exp (−tmeas

τ
)
·

tirr
τ

1− exp (−tirr
τ

)
(3.3)

This expression determines the number of radioactive nuclei from their decays measured during
the time tmeas. It also takes into account decay losses during irradiation (tirr) and in between
end of irradiation and beginning of measurement (tloss). τ denotes the mean life time of the
radioactive nucleus produced during the photoactivation.
For the (γ,x) reaction (x=n,p or α), the activation yield is denoted by Yact and is expressed as
the ratio of the number of activated nuclei to the number of target atoms in the sample. For
example, for the 144Sm(γ, n) reaction,

Yact(Sm) =
Nact(

143Sm)

Ntar(144Sm)
(3.4)

Using Eq. (3.1), the activation yield can be calculated from σγ,n(E) data with the known
bremsstrahlung spectrum. In this way measured activation yields can be compared with the
experimental or theoretical cross section data.
To compare the activation yield measured at different endpoint energies with the calculated
yield using cross sections from theory/previous experiments, the experimental data need to be
normalized to the photon fluence at the irradiation site. The irradiation site is the photoactivation
site shown in Fig. 3.2 where the available photon fluence is very high and technically challeng-
ing to measure with in-beam detectors. The photon fluence is determined from the activation
yield of a Au target that is irradiated simultaneously with the Mo/Sm targets. The photon
fluence at a fixed energy Eγ is given by the ratio of the measured 197Au(γ,n) activation yield
and the calculated activation yield using the known σγ,n from 197Au and a simulated thick
target bremsstrahlung spectrum using the code MCNP (see Sect. 3.4.3), which is based on
the bremsstrahlung cross sections by Seltzer and Berger. At the photon scattering site (see
Fig. 3.2), the activation yield of 197Au(γ,n) was determined to verify the σγ,n cross section to
be used for the photon fluence determination. There the photon flux is determined online via
photon scattering from 11B. The photon flux determination procedure from 11B scattering will
be discussed in detail in Sect. 3.4.
Rewriting Eq. (3.1), the activation yield for Sm is,

Yact(Sm) = Φγ(E
X
γ , E0) ·

∫ E0

Ethr

σsim
γ,x (E) · Φsim

γ (Eγ, E0)

Φsim
γ (EX

γ , E0)
dE (3.5)

where EX
γ stands for any arbitrarily chosen energy. For the experiments discussed in this

thesis, the normalization has been done to the fluence at EX
γ = 7.288 MeV which is below the

bremsstrahlung endpoint energies for the photodisintegration experiments under discussion.
The activation yield of the 92,100Mo(γ,n) reaction has been measured both at the photoactivation
site and photon scattering site at ELBE [Erha09]. The two target sites (photoactivation site
and photon scattering site) will be explained in detail in the following sections.
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Figure 3.2: Photoactivation setup at the ELBE accelerator. The electron beam is deflected
from the main beam line and creates bremsstrahlung in the radiator. There are two target
sites: at the photoactivation site, the Mo and/or Sm targets are irradiated together with 197Au
as a reference. At the photon scattering site, the scattered photons from 11B are observed for
the experimental determination of the flux. Another 197Au target is sandwiched with 11B for
flux normalization purposes. The experimental setup has been described in detail in [Schw05,
Wagn05].

3.3 Photoactivation facility at the ELBE accelerator

A sketch of the photoactivation facility is given in Fig. 3.2. The primary electron beam is de-
flected from the main line by a non-dispersive system of two dipole magnets with a quadrupole
magnet in between. There is another subsequent quadrupole doublet which focusses the beam
on to the radiator producing bremsstrahlung via deceleration of electrons [Schi03a]. The ra-
diator converts the kinetic energy of only a small fraction of the electrons to bremsstrahlung
while the main fraction of the electrons passes the radiator and is separated from the photon
beam by a deflecting dipole magnet (purging magnet, see figure). After deflection, the electron
beam is led through a thin vacuum separation window made from beryllium and dumped into
the electron beam dump (photoactivation site). The p-nuclei under investigation (Mo/Sm) are
irradiated here together with the activation standard target 197Au. The bremsstrahlung beam
goes straight ahead through the collimator to the photon scattering site.
At the photon scattering site, photons scattered from 11B are observed by means of High Purity
Germanium detectors for the experimental determination of photon flux. The endpoint energy
of the bremsstrahlung distribution is determined by measuring the proton energy spectrum
from the photodisintegration of the deuteron (see Fig. 3.2, deuteron breakup target) with
silicon detectors. The two target sites and the different components shown in Fig. 3.2 are
described in detail in the following sections.

3.3.1 Electron beam dump - The photoactivation site

After passing the niobium radiator, the electron beam is deflected by a dipole magnet and led
through a vacuum separation window made from beryllium (thickness = 1 mm, diameter =
90 mm) into the electron beam dump, where the beam is stopped (See Fig. 3.3). The beam
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Figure 3.3: Photoactivation site at ELBE accelerator. The electron beam hits the carbon
radiator and creates thick target bremsstrahlung. Molybdenum and/or Samarium targets are
irradiated together with Au behind the beam dump.

separation magnet is a dipole magnet with a 117 mm gap [Schi03c]. The electron beam dump
is made of a graphite cylinder of 600 mm length and 200 mm diameter which is mounted on
insulating ceramic rods inside a double-walled water-cooled steel housing surrounded by a 10 cm
thick radiation shield made of iron. The electron-beam dump is designed to have a maximum
cooling power of 50 kW.
The activation targets (Mo/Sm + 197Au) are placed behind the vacuum steel vessel as shown
in Fig. 3.3. The target holder is made of an Al rod with a clamping bolt which is mounted
in a cylindrical Al tube and inserted behind the vacuum vessel. To differentiate from the
niobium radiator bremsstrahlung, we refer to the flux in the electron beam dump as thick
target bremsstrahlung. It is not possible to measure the photon flux at this target position
directly. The flux determination procedure is discussed in detail in Sect. 3.4.

3.3.2 The photon scattering site

At the photon scattering site, a 11B sample is irradiated together with the activation standard
target 197Au in the bremsstrahlung beam. As already stated, the radiator for bremsstrahlung
production is made of thin foils of niobium. In addition to being an appropriate Z material, it
also has a high melting point (2468◦) to withstand the absorbed beam power. The thickness
of the foil is chosen according to the radiation lengths ranging from 2 × 10−4 to 10−3 which
keeps the small angle scattering low. Six radiator foils of varying thicknesses are mounted on
a water-cooled copper holder [Schi03a]. The radiator holder can be moved by a DC motor
drive which enables the selection of an appropriate radiator without breaking the vacuum. The
electron-beam spot on the radiator is monitored by a video camera.
To extract a well-defined beam from the bremsstrahlung produced by the radiator, the beam
is passed through a collimator (see Fig. 3.2). The collimator is made of high-purity aluminium
(99.5 %) which has a high neutron separation energy of 13.1 MeV keeping the production



18 Photodisintegration via real photons at ELBE

of background by neutrons small. Aluminium has a photon attenuation effect similar to the
surrounding concrete walls. The collimator is 2600 mm in length and has an opening angle
of 5 mrad [Schi02a]. It is fixed within the 1.6 m thick wall of heavy concrete between the
accelerator hall and the experimental cave (see Fig. 3.2).
As a part of the radiation protection system, a beam shutter and hardener is positioned directly
in front of the entrance aperture of the bremsstrahlung collimator. The beam shutter is used
to shut the collimator entrance port against the background radiation from the accelerator
hall and thus to shield the nuclear physics cave when the accelerator is in operation for other
experimental caves. The beam hardener is used to suppress the low-energy photons in the
bremsstrahlung spectral distribution. The bremsstrahlung spectrum for a particular incident
electron energy is continuous with end-point energy equal to the kinetic energy of the incident
electrons. The intensity is higher at low energies and it leads to a huge background in the
measured spectra which in turn limits the counting rates of the HPGe detectors. The hardener
improves the shape of the bremsstrahlung spectrum by absorbing the low energy photons. At
ELBE, there is a vacuum chamber in front of the entrance of the collimator which contains a
feed through with three cylinders of 10 cm diameter and 10 cm length made of TRIAMET2, of
aluminium and of an aluminium cylinder of 9 mm diameter surrounded by TRIAMET, respec-
tively. These cylinders are motor-driven and can be placed separately in the beam [Schi02b].
The TRIAMET cylinder is used to close the beam line (shutter), the aluminium cylinder is
used as the hardener and the aluminium surrounded by TRIAMET works in a similar way with
the tungsten acting as an additional collimator.
After passing through the scattering target, the bremsstrahlung beam is dumped into the
photon beam dump in order to minimize the background from scattered photons. The photon-
beam dump [Wagn01] is made of polyethylene (PE) and shielded with a 2 mm thick cadmium
foil and 10 cm thick lead walls. The front lead wall has a thickness of 20 cm. The beam
dump has an entrance hole of 11 cm in diameter. Because of the Compton scattering and the
rather big entrance hole, the beam dump does not fully absorb the photon beam. For reducing
the back-scattered radiation, a cylindrical void has been made in the PE block so that the
scattering process starts deep inside the beam dump.

3.4 Determination of photon flux

As mentioned earlier, it is necessary to know the absolute photon flux at the photoactivation site
for the activation yield normalization. It is not possible to measure the photon flux directly at
this site using photon detectors placed in-beam. The flux determination procedure is explained
in the following subsections in detail.

3.4.1 Spectral shape of bremsstrahlung

At the photon scattering site, the bremsstrahlung spectrum is well approximated with a the-
oretical bremsstrahlung distribution for a thin niobium target. A comparison of different the-
oretical approaches for an incident bremsstrahlung endpoint energy of 11.5 MeV is given in
Fig. 3.4. The Schiff curve is created from the analytical expression given in [Schi51]. The
bremsstrahlung spectrum using the approach by Seltzer and Berger [Selt86] which includes
screening and Coulomb effects at higher energies is shown. The recent quantum mechani-

2TRIAMET- a composite material consisting of 95 % W, 5 % Ni and Cu;
from Bayerische Metallwerke GmbH, Leitenweg 5, 85221 Dachau, Germany
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Figure 3.4: Comparison of theoretical bremsstrahlung cross sections for the Nb radiator for an
incident electron endpoint energy of 11.5 MeV. Black dashed and red dotted lines correspond
to the bremsstrahlung distributions by Schiff [Schi51] and Haug [Haug08] whereas values taken
from the Seltzer and Berger [Selt86] tables are shown as blue symbols (+).

cal calculations by Haug [Haug08, Roch72] which uses the atomic shielding effects given in
Ref. [Salv87] is also shown.
As seen in the figure, the different approaches are in agreement with each other. At the low-
energy part of the spectrum they are not distinguishable from each other and agree within 1
percent. Close to the endpoint, the different models differ by about 20% (see inset, Fig. 3.4).

3.4.2 Photon scattering from 11B

In order to determine the photon flux experimentally, a 11B sample is sandwiched with the
activation standard target (197Au) at the photon scattering site. The absolute photon fluence
is determined by studying the 11B(γ, γ

′
) reaction.

To detect scattered photons from 11B, four HPGe-detectors with 100% efficiency relative to a
3”×3” NaI detector are used [Schw03]. Two of them are placed vertically above and below the
target respectively, while the other two are placed horizontally at 127 ◦ relative to the photon-
beam direction. All HPGe detectors are surrounded by escape-suppression shields consisting of
bismuth-germanate (BGO) scintillation detectors of 3 cm thickness (type Crismatec Scintiflex
3). The detector specifications are given in Table. A.1 of Appendix A.

By measuring the scattered photons from the 11B sample, the γ-fluence at the photon scattering
site is determined experimentally with the formula:

Φγ(Eγ) =
N corr

γ (Eγ)

ε(Eγ, θ) ·Ntar · Is ·W(θ)
(3.6)

3http://www.detectors.saint-gobain.com
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N corr
γ (Eγ), ε(Eγ) and Ntar represent the dead-time and pile-up corrected full-energy peak counts

of the resonant transition, the absolute efficiency of the detector at the energy Eγ, and the
number of target atoms in the 11B sample. W (θ) is the angular correlation between the incoming
and scattered photon and Is denotes the integrated scattering cross section (see Appendix C).

Figure 3.5: Full energy detection efficiency curve of a 100% HPGe detector used at the photon
scattering site with the absorber combination Pb - 8 mm, Cu - 3 mm (left) and Pb - 5 mm, Cu
- 3 mm (right panel). The curve shows a realistic simulation using GEANT3 which has been
normalized to fit the efficiency data (circles) determined using calibration sources. The error
bars shown are statistical errors (see text), they are smaller than the symbol size.

Figure 3.6: GEANT3 simulations for photopeak efficiency of a 100% HPGe detector with a)
the absorber combination Pb - 8 mm, Cu - 3 mm and b) Pb - 5 mm, Cu - 3 mm. The fit is a
linear combination of several exponential terms, created using the formalism given in [Radf95].

The full-energy peak efficiency of the HPGe detectors has been determined with calibration
sources for energies up to 2 MeV. The efficiency determination procedure is given in Table. B.1
of Appendix B along with the properties of the standard sources used for calibration. The
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efficiency curve for one of the detectors (at 127◦) is shown in Fig. 3.5 for two different sets of
Pb and Cu absorbers. The efficiency curve for the other three detectors look very similar.
For extrapolating the efficiency to higher energies, a GEANT34 simulation under realistic ge-
ometry was used. The simulations for different absorber combinations are shown in Fig. 3.6.
For the interpolation of the simulated efficiency points, a fit is generated using the Radware
package [Radf95]. The simulations were normalized to the measured efficiency at energies below
2 MeV (see also: Fig.4, Ref. [Ruse08]).
The decay properties of γ-transitions in 11B were adopted from the online library of Evaluated
Nuclear Structure Data Files (ENSDF) which refers to the revised Ajzenberg-Selove compilation
(see Table 11.4, Ref. [Ajze90]). The decay scheme of 11B is shown in Fig. 3.7. The level energies,
level widths, etc., are given in Appendix C.
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Figure 3.7: The level energies and prominent γ-transitions from 11B, scheme not to scale. The
spin and parity of the states are also shown. The values are adopted from the online library of
Evaluated Nuclear Structure Data Files [ENDSF].

The 11B targets used were of crystalline boron powder with an enrichment of 99.5%, mass areal
density of 1.43 g cm−2 and an effective density of 1.6 g cm−3. Energy dependent nuclear self
absorption corrections were applied using the formalism given in Ref. [Skor75]. For example,
for the level at 7.286 MeV, the nuclear self absorption correction amounts to about 7.5% when
using a target with the specifications given above. The correction factor Cnsac for all the

4CERN program Library Long Writeup W5013, CERN, Geneva (CH), 1993.
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relevant transitions is given in Table C.1 of Appendix C. A sample spectrum originating from
the 11B(γ, γ’) reaction is shown in Fig. 3.8. The prominent γ-transitions from 11B are marked.

Figure 3.8: Spectrum of 11B taken with a HPGe detector of 100% relative efficiency. The
prominent γ-transitions from 11B are marked together with the corresponding transition ener-
gies. The background peaks stemming from the decay of 40K and 208Tl are also shown.

Figure 3.9: Absolute photon fluence measured from the scattered photons in 11B compared
to the Seltzer and Berger bremsstrahlung spectrum with hardener corrections. The fluence
measured with different transitions in 11B agrees to the simulated curve within the error bars.
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The experimental photon fluence determined from the 11B(γ, γ’) reaction is shown in Fig. 3.9.
The simulated bremsstrahlung spectrum was created using MCNP 5 which takes into account
the effects of the aluminium hardener situated behind the niobium radiator. In MCNP, the
bremsstrahlung cross sections from Seltzer and Berger are used. The simulated bremsstrahlung
spectrum has been normalized to the measured absolute photon fluence at the transition ener-
gies of 11B. The systematic deviations between the simulated curve and the experimental points
are about 6%.
In the fluence determination procedure discussed above, the statistical contribution to the
uncertainties from the gamma-counting is quite small and is in the order of 0.5-2%. The
systematic uncertainty in the extrapolation of efficiency is estimated to be about 5% in the
energy range of the observed transitions in 11B.

3.4.3 Thick target Bremsstrahlung at the photoactivation site

Figure 3.10: Thick target bremsstrahlung spectrum at the photoactivation site behind the
graphite beam dump as calculated with MCNP4C2 (red circles) for an end-point energy of
12.6 MeV. Theoretical thin-target bremsstrahlung spectrum calculated according to Schiff for-
mula [Schi51] is given for a comparison (blue squares). It is normalized to the MCNP simulation
at 6 MeV. The full line is a parametrization of the MCNP simulation.

At the photoactivation site, the bremsstrahlung distribution generated by the graphite is de-
scribed by MCNP4C2 simulations which are based on the bremsstrahlung cross sections by
Seltzer and Berger [Selt86]. The simulated bremsstrahlung distribution for an electron end-
point energy of 12.6 MeV is given in Fig. 3.10. The thin target bremsstrahlung distribution for
the same endpoint energy using the Schiff formula [Schi51] is given for comparison.
From Fig. 3.10, one can see how the shape of a thick target spectrum is changed due to
creation of photon- electron cascades and multiple scattering. The thick target spectral shape

5MCNP - Monte Carlo N-Particle Transport Code, http://mcnp-green.lanl.gov/
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is required to determine the absolute photon flux for the Mo/Sm samples that were irradiated
at the photo-activation site with the bremsstrahlung produced in the graphite block.
For the range of bremsstrahlung energies under discussion, the photon flux at the photoactiva-
tion site is, on average, about a factor of 100 times higher than the flux at the photon scattering
site. For example, for a bremsstrahlung endpoint energy of 15.0 MeV and an irradiation time
of about 20 hours, the available photon flux at the photoactivation site at EX

γ = 7.288 MeV
amounts to about 6×109 cm−2 s−1 MeV−1 whereas the flux at the photon scattering site, mea-
sured by 11B scattering amounts to about 7×107 cm−2 s−1 MeV−1. As discussed in Sect. 3.2,
the absolute activation yield Yact is normalized to the photon fluence at EX

γ = 7.288 MeV. The
experimental results are always plotted as a function of endpoint energy.

3.5 Determination of the electron-beam energy

For the photoactivation experiments, it is important to monitor the electron energy, which
defines the maximum energy of the bremsstrahlung spectrum. The beam energy is measured
using two different methods - one is the conventional method by the use of a Nuclear Magnetic
Resonance (NMR) probe to determine the magnetic rigidity of the beam and the other is by
studying the photodisintegration of the deuteron.

3.5.1 The NMR method

Figure 3.11: User interface to the teslameter used in NMR measurements at ELBE (from
[Lehn06]). The instrument status indicates the presence of and the correct lock on to a NMR
resonance. The beam energy, value of the magnetic field etc are displayed in separate tabs.

At ELBE, the deflection of the beam in a magnetic field is used for the beam energy determi-
nation. This requires a precise knowledge of the magnetic field strength.
To measure the field, we use an NMR (Nuclear Magnetic Resonance) probe [Lehn06]. The
probe containing a sample material which has a nuclear angular momentum (spin) is placed
inside the magnetic field. The angular momentum in turn rotates about the axis of the field.
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The frequency of precession depends on the value of the angular momentum and the field.
Around the sample, a modulation coil is wound which is driven by an RF signal. If the sample
atoms are influenced by the RF field of frequency close to the precession frequency, the phases
will be synchronized. Then a signal is measured in a second pickup coil wound perpendicular
to the modulation coil. The accurate determination of the resonance frequency in turn yields
an accurate magnetic field measurement.
To generate and measure the required RF frequencies, a commercial teslameter is used. It is
remote-controlled in the diagnostic station at the ELBE control room. A snapshot of the user
interface of the teslameter is shown in Fig. 3.11. When a valid magnetic field value is received
this value is displayed with the computed beam energy in parallel (see Fig. 3.11). However,
the insufficient knowledge of the field mapping of the used magnet necessitates a more precise
method for the beam energy measurement. A calibrated energy spectrometer will be installed
in future in this regard.

3.5.2 Photodisintegration of the deuteron

Independent from the NMR measurement, the electron beam energy is monitored at the pho-
ton scattering site via the photodisintegration of the deuteron. The endpoint energy of the
bremsstrahlung distribution is determined by measuring protons from the photodisintegration
of the deuteron (see Fig. 3.2, deuteron breakup target) with silicon detectors. From the max-
imum energy of the emitted protons, the maximum energy of the incident photons can be
deduced.
When a photon with sufficient energy is incident upon a deuteron, the bond between the
proton and neutron can be broken, emitting them in opposite directions. Using four-momentum
conservation, the energy of the incident photon can be calculated.
Consider the simple example of a photon k incident upon a stationary deuteron d which results
in the disintegration of the deuteron into a proton and a neutron. The neutron is emitted with
a momentum at an angle from the direction of the incident photon. The incident photon energy
is related to the proton energy and the angle of emission by the equation

Eγ = k0 =
m2

n −m2
p −m2

d + md(Tp + mp)

2(md −mp − Tp +
√

T 2
p + 2Tpmp cos θp)

. (3.7)

where mp, mn and md are the masses of the proton, neutron and deuteron respectively. Tp is
the proton kinetic energy and θp is the proton angle of emission. The details of the photodis-
integration kinematics can be found in Appendix A of [Mori06].
At the photon scattering site, the protons are detected by a set-up of four silicon detectors (Ion-
Implanted-Silicon Charged-Particle Detectors, type ORTEC ULTRA 6) placed at a distance of
6 cm from the beam axis and at azimuthal angles of 0◦, 90◦, 180◦ and 270◦ with respect to the
photon beam. The detectors have a thickness of 500 µm and a sensitive area of 600 mm2. The
detector characteristics are given Table. A.3 of Appendix A.
For the energy calibration of the silicon detectors, a mixed alpha source 239Pu/241Am/244Cm
is used. A sample spectrum is shown in Fig. 3.12. The alpha energies used for calibration are
marked. In addition, equidistant lines from a pulse generator were used to determine the offset.
For measuring the photodisintegration of the deuteron, a 4 mg/cm2 thick polyethylene film7,
in which hydrogen is substituted by deuterium (CD2) is used as the target. The CD2 target is

6ORTEC, 801 South Illinois Avenue, Oak Ridge, TN 37830, USA.
7Courtesy : D. K. Geiger, SUNY Geneseo, NY 14454, USA.
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Figure 3.12: Spectrum of a mixed 239Pu/241Am/244Cm alpha source used for calibrating the
Si-detectors for endpoint energy determination.

Figure 3.13: On the left panel, proton spectrum from the photodisintegration of deuterons
recorded with Si detectors of 500 µm thickness during an irradiation with incident electron
energy 13.2 MeV is shown. A fit to the rebinned spectrum shown in the left panel is on right
panel. The fit is a simulated spectrum under realistic geometry which also takes into account
of the energy loss in the CD2 target, see text.

positioned parallel to the incident beam such that its surfaces are observed by all four detectors
under 45◦. A typical spectrum is shown in Fig. 3.13. The low-energy part of the spectrum
below 2.5 MeV reveals not useful as it is dominated by beam induced γ-rays and electrons.
For a very precise measurement of the proton endpoint energy, it is necessary to correct for the
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energy-losses in the CD2 target, in the detector dead layers and for the non-electronic losses
in the intrinsic area of the detector. The correction procedure for all these effects has been
discussed in detail by [Erha09].
In order to determine the endpoint energy, the measured spectra are fitted to a simulated
proton spectrum for a realistic geometry. The simulation takes into account the deuteron
breakup kinematics, geometry of the detector setup, energy loss of the protons inside the CD2

film as well as the energy spread of the electron beam. A fit to the measured spectrum is shown
(see Fig. 3.13, right panel).
The statistical error from the fit amounts to 2-8 keV for the range of endpoint energies described
here. The systematic deviation of the experimental spectra from the simulated one is 40 keV.
This is inherent to all experiments but significant only for endpoint energies close-above the
neutron/proton-emission threshold of the photodisintegration reaction under consideration (see
Fig. 5.20, Sect. 5.7). This method has been used for electron-beam energy measurements for
all the experiments discussed in this thesis. The measurement has been found to be reliable
and accurate.

3.5.3 Monitoring of the electron beam stability

Figure 3.14: The operation of the beam energy control loop in the nuclear physics beam line
over a period of 5 hours at the nominal energy 14.5 MeV, gradient GC1 = 10 MV/m and beam
current IBeam = 450µA in continuous wave mode (adopted from [Just07]). The color codes stand
for - ON: controller on state, Sollw: BPM reference value, BPM(F): BPM reading filtered with
30 sec, BPM-X: BPM reading and GRADC2: gradient set value for cavity 2 (controller output).

One of the key requirements of the photoactivation experiments is the stability of the mean
electron beam energy and the beam intensity. A slow drift of the effective accelerating field
during the first hours after a machine power-up or after switching to different nominal beam
energies is practically observed. Since the energy drifts affect parameters of the generated
bremsstrahlung spectra, this needs to be corrected. To correct for the energy drift continuously,
a non-intrusive Beam Position Monitor (BPM) is placed in a transversely dispersive part of the
beam guide. The energy control loop using a BPM acts as a sensor. The description of the
beam line setup and the simplified dynamic model of the control loop is given in [Just07].
The operation of the control loop in the nuclear physics beam line over a period of 5 hours
is shown in Fig. 3.14. The fluctuations seen in the first 30 minutes of the plot are from the
manual setting-up of the machine. From the moment of switching on, the BPM reading stays
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Figure 3.15: The beam current (bpm11i) recorded during an experiment with an electron beam
energy of 13.0 MeV. The beam current is found to be stable for the whole irradiation period
(≈18 hours). The fluctuations in the first few minutes denote the beam tuning period by the
accelerator operators.

on a constant base line (see figure, curve BPM-X). This method is working properly for all
experiments requiring higher mean energy stability. The controller optimization techniques are
given in [Just07]. Even though the performance of the current control loop is fitting our needs,
there will be improvements in the future like combining the present loop with a high resolution
field measurement for an absolute energy measurement.
As stated earlier, the electron beam for bremsstrahlung experiments is deflected from the main
line by a non-dispersive system of two dipole magnets with a quadrupole magnet in between.
There is another subsequent quadrupole doublet which focusses the electron beam on to the
radiator. There are two beam position monitors placed along the beam line. These are denoted
as BPM11 and BPM06. BPM11 is located behind the first dipole and BPM06 is after the
second quadrupole doublet (before the radiator). The beam current entering to the beam line
for bremsstrahlung experiments as recorded by BPM11 (bpm11i) during an experiment with
an electron beam energy of 13.0 MeV is shown in Fig. 3.15. For the whole irradiation period
(≈18 hours), the beam current was recorded periodically and is found to be practically stable.
The fluctuations in the first few minutes denote the beam tuning period by the accelerator
operators. The small fluctuations in the beam current generally doesn’t affect the experiment,
except for activation measurements of the nuclei with short half-lives.



Chapter 4

Decay studies of the activated targets

For the reaction-yield determination explained in Eq. 3.2, the activated targets were studied
by gamma-ray spectroscopy. The first section of this chapter is dedicated to the γ-counting
method used for decay studies at ELBE. The different counting facilities used in the scope of
the experiments are discussed in detail. The last section deals with the newly built pneumatic
delivery system for studying short-lived nuclides.

4.1 Determination of peak intensity

In photoactivation experiments, it is extremely important to determine the correct peak area
of the γ-transition under investigation. For the analysis of the experiments discussed in this
thesis, we used the SATAN 1 (System for the Analysis of Tremendous Amounts of Nuclear
data) data analysis package to evaluate experimental data, to perform model calculations, and
to visualize the results. This is a user friendly analysis program written in IBM VisualAge PL/I
for workstations. SATAN can read data arrays in different simple ASCII as well as binary list-
mode formats. It has powerful fit capabilities with least-squares and Poisson fits and automatic
peak finding in one and two dimensions.
For analyzing the γ-spectra, we modified the built-in fit routines of SATAN by including the
additional measurement-specific requirements. The peakfit analysis and the determination of
dead time and pile-up correction factors are discussed in the following sections.

4.1.1 Peakfit functions for γ-ray spectra

While analyzing γ-ray peaks from the spectra, precision is generally limited by the ability to
define and compute consistent peak areas [Debe01]. Simple methods with Gaussian functions
are adequate for single, well-resolved peaks. But for a complex peak shape with considerable
spectral background and low-energy tailing, an adapted fit routine is necessary.
For the experiments discussed in this thesis, the extraction of relevant peak parameters from the
measured spectrum is done with a fit routine similar to the one in the Radware package [Radf95].
Each peak is considered to be composed of three components:

1. a Gaussian

yg =
h ·R
100

exp

(
−(E − E0)

2

2σ2

)

1http://www-wnt.gsi.de/CHARMS/SATAN/graf.htm
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2. a skewed Gaussian,

ys = h ·
(

1− R

100

)
exp

(
E − E0

β

)
erfc

(
E − E0√

2σ
+

σ√
2β

)

3. and a smoothed step function to increase the background on the low-energy side of the
peak.

yb =
h · S
100

erfc

(
E − E0√

2σ

)
+ A + B(E − E0)

Components (2) and/or (3) can easily be set to zero if not required.
The first component is the Gaussian, usually the main component of the peak which arises from
complete charge collection of a photoelectric event in the detector. E is the energy variable,
E0 and σ are the centroid and standard deviation of the Gaussian. h stands for the height
of the total peak, S for the step height of the background in percent of peak height and R is
the fraction of Gaussian peak in percent, i.e, R=100 denotes a full Gaussian with no skewed
component.

Figure 4.1: Peak fit for one of the strongest
decay lines of 133Ba - Fit parameters chosen
for display are R = 97.3, β = 3.8 keV and
step S = 0.24. The fit components are shown
separately and correspond to: dotted line -
gaussian, dashed line - skewed gaussian, dash-
dotted line - step, and full line represents how
all the components go together to make the
total peak fit.

Figure 4.2: Peak fit for the γ-transition from
the decay of 143Sm following the 144Sm(γ, n) re-
action. Close to the threshold, the γ-counting
statistics is very low. For the peak-fit shown,
the parameters are: R = 73.8, β = 4.9 keV and
step S = 0. The full line represents the peak fit
and corresponds to the peak area 45±8 counts,
see text for details.

Component (2) is the skewed Gaussian which arises from incomplete charge collection, often
due to trapping of charge at dislocations in the crystal lattice caused by impurities or neutron
damage. If the detector and electronics had perfect resolution, component (1) would be a delta-
function and component (2) would yield an exponential tail on the low-energy side. Convolution
of this exponential tail with a Gaussian resolution function yields the functional form ys with
erfc as the complement of the error function and β as the decay constant of the exponential. β
now corresponds to the skewedness of the skewed Gaussian.
The third component arises mainly from the compton scattering of photons and the escape
of photoelectrons from the Ge crystal, which result in a slightly higher background on the
low-energy side of the peak. The functional form yb is produced by the convolution of a step
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function with a Gaussian of width sigma. A and B denote the constant and linear background.
The different constant background below and above the full efficiency peak stems from multiple
interactions (multi-compton scattering, cf.) of one γ-ray inside the crystal where the full energy
is not deposited.
Fig. 4.1 illustrates how the components go together to make up the total peak shape. The peak
fit is illustrated for an energy calibrated spectrum showing one of the strongest transitions in
the decay of 133Ba. The different components such as gaussian, skewed gaussian, step etc are
shown separately.
For γ-peaks with very low counting statistics, the same peak fit routine discussed above was
used. In such a case, the width of the peak is taken from a good statistics peak at the same
energy. This width is then kept fixed for the low-statistics peak and a poisson-fit including
zeroes is performed. For the peak fit shown in Fig. 4.2, the width was kept fixed as 2.3 keV and
the different parameters chosen were: R = 73.8, β = 4.9 keV and step S = 0. The resulting
area was 45 counts with a statistical uncertainty of 17%.

4.1.2 The dead time and pile-up correction factors

In all the γ-counting applications discussed in this thesis, it was important to correct for the
loss of events due to the dead time of the system. This refers to the minimum separation
time between two registered events. The dead time losses are rather severe in high count-rate
measurements. In such cases, accurate correction factors must be included for these losses
while analyzing the γ spectra. In addition to this, one has to correct also for the so-called
pile-up problems which arise due to the interfering of random pulses. This is a pure effect of
the electronics associated with the summing of two pulses which come in a short time interval.

Figure 4.3: γ-ray spectrum of a 65Zn source with pulser peak. The pulser peak area is de-
termined from the narrow gate and the wide gate includes the part as shown in figure. The
prominent γ-transitions from 65Zn decay are marked with their energies shown in keV.
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The dead time and pile-up correction was achieved by the pulser method in which a pulser signal
is fed to the “test” input of the detector. The procedure can be explained by considering a
sample spectrum of a 65Zn source with pulser shown in Fig. 4.3. The superposition of the pulser
signal and the signal from the detector gives a signal at energy higher than the amplitude of
the pulser. The peak area of the pulser is defined by the narrow gate and the wide gate defines
the area including the pulser peak and pile-up of γ-ray signals and pulser signals as shown in
Fig. 4.3. The pulser counts are counted in a scaler as well (see Fig. 4.4).
The dead time correction factor is given by

Cdt =
Nwidegate

Nscaler

(4.1)

Where Nscaler is the number of counts recorded in the scaler and Nwidegate is the area of the
defined wide gate.
The pile-up correction factor is

Cpup =
Nnarrowgate

Nwidegate

(4.2)

with Nnarrowgate as the area of the pulser peak.
For the example shown in Fig. 4.3, Cdt is 0.994 and Cpup = 0.979. The number of counts in the
peak corrected for the dead time and pile-up corrections is given by

N corr
γ =

Nγ

Cdt · Cpup

(4.3)

The corrected peak area is an important input for determining the number of radioactive nuclei
using Eq. (3.2). All the experiments included in this thesis were performed with accurate dead
time and pile-up corrections using this method.

4.2 Counting facilities

4.2.1 The low-level counting setup

At ELBE, the decay spectroscopy of activated targets is studied offline by using HPGes in a
low-level counting setup located outside the nuclear physics cave. The two detectors used are of
relative efficiency 90% and 60% relative to a 3”×3” NaI detector. The detectors are placed in
so-called lead castles which are used to screen the detector from background radiation [Erha04].
A schematic sketch of the counting setup and the lead castle is given in Fig. 4.4. The inner layer
(2 cm) of the lead castle is lined with lead of low level radioactivity. The rest is covered with
lead which contains traces of the radioactive 210Pb from the uranium/thorium decay chains. A
graded-Z shield is used which helps to reduce the Pb K X-rays at 80 keV. Very pure, electrolytic
copper is used for this purpose which emits lower-energy Cu K X-rays at 3 keV. Only for X-ray
measurements it is necessary to shield the Cu K X-rays with Plexiglas. A natural background
spectrum recorded with the 90% HPGe inside the lead castle is shown in Fig. 4.5.
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Figure 4.4: Sketch of the low-level counting setup showing the lead castle, HPGe detector and
counting system.

Figure 4.5: Natural background measured with the 90% HPGe detector in low-level counting
setup. The spectrum was recorded for a period of one day. The peaks stemming from the decay
chains of Pb, Ra and Th are marked. The transition at 1461 keV from the decay of 40K is also
shown.

On the top of the detector crystal, we have put three layers of Cadmium absorber with an
overall thickness of 1.535 mm (cf. Fig. 4.6) to block the coincidence summing, especially of
X-ray summing with the gamma-rays [Nair04]. To maximize the absolute efficiency of the
detector, the source/target is put on top of the Cd absorber which is situated directly on
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Figure 4.6: HPGe spectra of 133Ba - upper blue histogram is without absorber and lower red
one is with a 1.535 mm thick Cd absorber. The strongest γ-transitions from the 133Ba decay are
marked. It is clearly seen that the summing events are considerably reduced with the insertion
of the Cd absorber.

the HPGe capsule. The preamplifier output signals are amplified by a spectroscopic amplifier
(ORTEC 671) and then processed by a multi-channel analyzer (ORTEC 919). The dead time
and pileup corrections were done by applying a 10 Hz pulser signal to the preamplifier test
input (see Sect 4.1.2).
For recording/managing the decay spectra, the software MAESTRO-32 from ORTEC is used.
It is an advanced, easy-to-use MCA Emulator which fits precisely for our purposes. Some
of its features include multi-detector interface, automation of acquisitions with job streaming,
complete interactive control of all Multi-Channel-Buffer hardware features etc.
For the precise and accurate analysis of the gamma-spectra, the detectors are calibrated with
a certified set of sources with the properties listed in Table. B.1 of Appendix B. For a complex
decay scheme when more than two photons are emitted in cascade, like the ones with 133Ba,
the effect of absorbers becomes significant (see Fig. 4.6).
The efficiency curves for the detectors with 90% and 60% relative efficiency are shown in Fig. 4.7.
For multi-gamma emitting nuclides, coincidence summing corrections have been applied. The
efficiency determination procedure and corrections for the ”summing-in” or ”summing-out”
effects are described in detail in Sect. B.2 of Appendix B.
The fit to the efficiency curve is from a GEANT3 simulation with realistic detector geometries.
The dependence between simulated and measured efficiencies were in agreement by a constant
factor close to unity for the considered energy range. In the estimation of uncertainties, both
statistical and systematic errors are taken into account. The systematic uncertainties in the
activity as given in the source certificates amount to 0.6-1.5% in the energy range from 0.12
to 1.9 MeV. The statistical error mainly originates from the peakfit for the calculation of peak
areas and is typically in the order of 1-2%. The statistical error contribution is very small in
the order of 0.2-0.5%.
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Figure 4.7: Full-energy peak efficiency curve for a HPGe detector with 90% efficiency (left
panel) and 60% efficiency (right panel) relative to a 3”×3” NaI detector. The upper part is the
fit curve overlayed on experimental data and the lower part shows the residuals with error bars
of the data points.

4.2.2 Efficiency variations with source-detector geometry

To test the variation of efficiency with source-detector distance, we measured point sources at
various radial distances (r) and vertical distances (d) on the top of the endcap of the detector.
For a point source positioned at various distances d from the symmetry axis of the detector,
the efficiency ε(d) is related to the efficiency on the top of the detector endcap ε(d0) as

ε(d)

ε(d0)
=

Ω(d)

Ω(d0)
(4.4)

with Ω(d) as the solid-angle of the detector [Debe01] which depends on the photon energy.
This is a valid approximation as long as d and d0 are large in comparison with the detector
radius. The variation of the point source efficiency for the 90% detector with different radial
and vertical distances from the endcap of the detector is shown in Fig. 4.8.
In Fig. 4.9, the point source efficiency variation for the 661 keV γ-transition of 137Cs source is
given for the detector with 60% efficiency. For the efficiency variation with vertical distances
d, the fit curve is created from a solid-angle dependent function for efficiency.
For the variation of point-source efficiency with radial distance r on the top of the endcap, the
shape of the fit curve is described by the relation

ε(r, d) = ε(0, d) exp−c(d)r2

(4.5)

where the parameter c(d) depends on the energy and the distance. For the ratio of the point
source efficiency at a radial distance r to the one on the top of the endcap is show in the right
panel of Fig. 4.9. From the figure on the left panel, one could see that the point source efficiency
reduces by ≈2% when increasing the distance d on the symmetry axis by 1 mm.
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Figure 4.8: The variation of point source efficiency as a function of various distances on the
symmetry axis and off-axis of the 90% HPGe detector in the low-level counting setup. The
efficiency variation with distance d was measured for single-line nuclides like 137Cs, 54Mn and
65Zn (left). The off-axis efficiency variation measured with the 137Cs source is shown on the
right panel.

Figure 4.9: The point source efficiency ratio for 661 keV for different distances d on the sym-
metry axis of the 60% detector (left). The fit is created from the source-detector solid angle
relationship for a point source. The ratio of the point source efficiency with radial off-axis
distances r is shown in the right panel for a distance d=0 mm (directly on endcap). The fit
curve in this case is from Eq. 4.5.

4.2.3 Decay studies at the underground laboratory ’Felsenkeller’

The radioactive decay of irradiated targets with very low activity was studied at the low-
background measurement laboratory ”Felsenkeller” in Dresden. The Felsenkeller laboratory
is located in the Weisseritz-valley in Dresden which is about 20 kilometers from FZ Dresden-
Rossendorf where the samples are irradiated. The rock cover has a thickness of 47 m (110 m
water equivalent). At this depth, the cosmic muon flux is reduced by 98% compared to that at
the surface and the background rate is reduced by about a factor of 30 at 1 MeV.
The measuring chamber inside the cave is shielded by different layers of steel and lead [Nies98].
A comparison of the background spectra in the laboratories at earth’s surface (ELBE) to that
at medium depth (Felsenkeller-110 m w.e) and at deep underground (Gran Sasso-3800 m w.e,
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Figure 4.10: Comparison of background spectra from underground laboratories at different
depths. The spectra measured at ELBE, at Felsenkeller and at Gran Sasso laboratories are
shown (figure courtesy: Daniel Bemmerer, FZD). The laboratory background at Felsenkeller is
about more than a factor of 10 lower than the laboratory background measured with a detector
at earth’s surface.

Italy) are given in Fig. 4.10. The deep underground laboratories like Gran Sasso in tunnels
and mines far from the institutes are mainly used for the investigation of rare events in nuclear
physics, whereas medium deep laboratories like Felsenkeller in the cellar or in the vicinity of
institutes are applied to the measurements of larger series of samples.
At Felsenkeller, we use a well-type detector with 30% relative efficiency for the decay mea-
surements. The detector properties are given in Table. A.2 of Appendix A. The efficiency of
the detector has been measured with the calibration sources 137Cs, 65Zn, 88Y and 60Co. The
decay properties of the sources are given in Table B.1 of Appendix B. Coincidence summing
corrections were applied for multi-gamma emitting nuclides using the procedure discussed in
Sect. B.2 of Appendix B. The photopeak efficiency curve for the 30% detector is shown in
Fig. 4.11. The fit curve shown is an exponential fit of the first order.
The daughter nuclide originating from 144Sm(γ, α) and 144Sm(γ, p) reactions were mainly stud-
ied at the Felsenkeller. The transition at 1596 keV following the 140Nd decay produced via
the photodisintegration 144Sm(γ, α)140Nd was successfully detected at the Felsenkeller. A com-
parison of the sample measurement at ELBE to the measurements at Felsenkeller is shown in
Fig. 4.12. It is clear that the cosmic background is noticeably lower in the spectra taken at
Felsenkeller.
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Figure 4.11: Full-energy peak efficiency curve for the 30% detector at Felsenkeller. The fit is
an exponential function of first order.

Figure 4.12: A comparison of the target measurement at ELBE (upper red spectrum)
to the measurements at Felsenkeller (lower blue spectrum) for the decay originating from
144Sm(γ, α)140Nd reaction. The inset is a zoomed version of the high energy part of the spec-
trum from 1550-1650 keV. The cosmic background is noticeably lower in the spectrum taken
at Felsenkeller and the line at 1596 keV is clearly visible (see inset).
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Figure 4.13: Pneumatic delivery system for fast transport of activated samples from the ir-
radiation site to the decay measurement site. The different stations for sample loading (A),
irradiation (B) and decay measurement (C) is shown.

4.3 The rabbit system

For measuring short-lived isotopes resulting from the activation experiment, we have built an
air-driven pneumatic delivery system (rabbit system) [Nair08a]. A sketch of the setup is shown
in Fig. 4.13.
The whole system uses compressed air to transport the samples through polyamide (PA) tubes
with a diverter making way to the to-and-fro movement of the sample cartridges. The samples
to be irradiated are enclosed in polyethylene cassettes and loaded in Station A. They are shot
to the photoactivation site behind the vacuum steel vessel aligned on the axis of the electron
beam (Station B). After irradiation, the samples are transported within about 15 s to the lead-
shielded low-level counting setup where the decay is measured with a coaxial HPGe detector of
relative efficiency 90% (Station C). The loss time of 15 seconds arises from the transport time
of the sample plus placing the sample exactly on the top center of the HPGe detector. After
the decay measurement, samples are shot to a radiation shielded container (depot, see figure).
As an example, the gamma-ray spectrum of an activated sample of 197Au after 10 minutes of
irradiation using the rabbit system is shown in Fig. 4.14. The decays following the 197Au(γ,n)
and 197Au(n,γ) reactions with half-lives 6.2 days and 2.6 days respectively are shown. In
particular, the decay of the isomeric state in 197Au with half life of 7.73±0.06 seconds [ENDSF]
is identified by the γ-rays at 202 and 279 keV. The half-life of isomeric transition in 197Au has
been determined using the exponential decay of 197mAu, identified with the γ-transition at 279
keV (see Fig. 4.15). The half-life was determined to be 7.79±0.12 s which is in agreement
with the literature value of 7.73±0.06 s [ENDSF]. The decay properties of the daughter nuclei
stemming from 197Au(γ,n) reaction is given in detail in Table. D.1 of Appendix D.
For irradiation and measurement using the rabbit system, we designed completely automated
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Figure 4.14: Decay spectrum following the reaction 197Au(γ,n). The γ-ray energies are marked
for the transitions from the decay of the isomeric state of 197Au which is short-lived (half-life of
7.73 s), and for the decay of the daughter nuclides stemming from 197Au(γ,n) and 197Au(n,γ)
reactions. The target was irradiated for 10 minutes, the spectrum shown here is for a measure-
ment period of 10 minutes.

Figure 4.15: Half-life determination using the exponential decay of 197mAu (circles), identified
with the γ-transition at 279 keV. The half-life was determined to be 7.79±0.12 s which is in
agreement with the literature value (7.73±0.06 s). The dead time correction factor Cdt is also
shown (squares).
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control modules with a LabVIEW2 (Laboratory Virtual Instrumentation Engineering Work-
bench) program. The cycles of irradiation and measurement were controlled by the job files
using the software addressable change sample or sample ready signals. To initiate the change
sample signals, either the built-in signals from the ORTEC 919E module or the signals created
using the specially designed acquisition system CAP were used. To actuate signals from the
ORTEC 919E module, MAESTRO job files (see Sect. 4.2.1) including commands to initiate
the sample change signals were used.
CAP(CAMAC Acquisition through PCI) is a CAMAC based data acquisition system developed
at our institute [Faut07]. It consists of NIM and CAMAC modular electronics that are inter-
faced with the PCI bus of a personal computer by means of the CAMAC controller WIENER
CC32. It is used for list mode data acquisition that allows data analysis with varying count
rates, which is necessary for the evaluation of fast decaying samples. For the online data dis-
play, we used either the MAESTRO or the graphical user interface gCAP associated with the
CAP acquisition system. The dead time of the system was determined on an event-by-event
basis.

4.4 Corrections for self-absorption and target dimen-

sions

The efficiency calibration using point-like sources has been discussed in Sect. 4.2.1. However,
the targets used for the experiments discussed in this thesis were not always point-like. Different
target dimensions were used depending on whether the decay measurement was done manually
or using the rabbit system.
For example, the photodisintegration reaction 144Sm(γ, n) results in short-lived nuclei compared
to the ones in 144Sm(γ, α) or 144Sm(γ, p) reactions (see Table. D.1, Appendix D). For the latter
ones, one could take out the sample from the irradiation site and put it on the detector manually
whereas for the former one, the use of a rabbit system discussed in the previous section was
necessary.
For the manual measurements, we used Sm2O3 powder filled into cylindrical cans of radius 9
mm and height 5 mm. In such a situation, the photopeak efficiencies have to be corrected
for the source extension. For this purpose, the Monte-Carlo efficiency transfer code EFF-
TRAN [Vidm05] was used. By using a geometrical grid of point source efficiencies, the efficiency
for an extended source is calculated by Monte-Carlo integration. The point source efficiency
has been measured with the point source shifted to a distance which corresponds to the middle
of the volume target. The point source efficiency is reduced by 7% in the center of the volume
target, as compared to the top of cadmium absorber. The volume source effect is only 4%,
comparing the point source in the center of the Sm2O3 sample and a volume target Sm2O3

placed on the top of the cadmium absorber. The 197Au activation standard targets were very
thin discs (mass - 100 mg, thickness - 0.2 mm, radius - 9 mm) and the volume effect correction
was not significant.
For experiments using the rabbit system, the target dimensions are different and are given in
Table. 4.1. Under normal experimental conditions, the bottom of the pneumatic delivery tube
touches the top of the Cd absorbers which are placed directly on top of the HPGe crystal
(see Fig. 4.16). The tube has an outer diameter of 28 mm and an inner diameter of 23 mm.
The cassettes used for mounting the target are made of polyethylene and have the following

2National Instruments Corporation, 11500 N Mopac Expwy, Austin, Texas, USA.
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Figure 4.16: The measuring geometry for ex-
periments using the rabbit system. The pneu-
matic delivery tube touches the top of the Cd
absorber. Cassette is shown schematically in-
side the tube with the target mounted. For
detailed dimensions, see text.

Figure 4.17: The cassettes used for mount-
ing targets in measurements with rabbit
system. a) The cassettes (either made of
polyethylene or aluminum), compared to a
pen to have a feeling of the dimensions. b)
The cassette with Sm target mounted. The
target is Sm2O3 powder filled into a cylin-
der with dimensions given in Table. 4.1.

dimensions : outer diameter = 22 mm, length = 55.3 mm and thickness = 1 mm. Thus there
is always 1 mm of air gap in the space between the pneumatic delivery tube and cassette.

target form Nnat / % l / mm d / mm mass / mg Eγ / keV Cvol

Au metal foil 100 36 5 200 - 250 333.03(5) 0.918(2)

355.73(5) 0.925(2)

426.10(8) 0.943(2)

Sm2O3 powder 3.1 16 10 2000 - 3000 754.4(7) 0.967(3)

1056.58(7) 0.981(3)

1173.18(7) 0.978(3)

1403.06(7) 0.984(4)

1514.98(7) 0.988(4)

Table 4.1: Dimensions of the targets used for decay studies with rabbit system. The natural
abundance (Nnat), length, thickness and mass (l, d, m) of the targets are given. Cvol, the
correction for volume source effect (see text) is given for the strongest decay lines (Eγ) indicated.

A photograph of the cassette and target is shown in Fig. 4.17. The Au targets were sheets rolled
to the dimensions given in Table. 4.1 where as the Sm targets were Sm2O3 powder filled into
a cylinder with dimensions given in Table. 4.1. The photopeak efficiency was measured with
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Figure 4.18: Absolute photopeak efficiencies for volume targets. On the left panel, a comparison
of the efficiency curve for point-like sources directly on top of the Cd absorber (circles) and
at a distance corresponding to the distance of the center of the volume target to the HPGe
crystal (open circles) is given. The ratio of the volume and point efficiencies calculated using
GEANT3 for the Au (squares) and Sm (diamonds) targets is given on the right panel.

point sources directly on the top of the cadmium absorber and at a distance corresponding to
the distance of the center of the volume target to the HPGe crystal. A comparison is given in
Fig. 4.18. The EFFTRAN code cannot be used for correcting the photopeak efficiency of targets
with cylindrical dimensions. To account for the volume source effect, detailed simulations using
GEANT3 were performed. The ratio of the volume and point efficiencies calculated using
GEANT3 for the Au and Sm targets is given in Fig. 4.18.
The absolute photopeak efficiency for the rabbit system target dimensions is given by

εtarget (Eγ) = εpoint (Eγ) ·
εsim
target (Eγ)

εsim
point (Eγ)

(4.6)

The efficiencies were measured with point-like sources at a distance 15.035 mm from the HPGe
crystal (εpoint (Eγ)). This corresponds to the distance of the center of the volume target to
the HPGe crystal. The simulated photopeak efficiencies for volume and point-like targets are
denoted by εsim

target, εsim
point respectively. The ratio is the correction to be applied for the volume

source effect. The correction factor Cvol

(
εsimtarget(Eγ)

εsimpoint(Eγ)

)
for the γ-energies of short lived isotopes

resulting from activation (for details about half-lives etc., see Table. D.1 of Appendix D) is
given in Table. 4.1.
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Chapter 5

Experimental results

In this Chapter, the results of the photoactivation experiments on the p-nuclei 92Mo and 144Sm
are presented. The experimental activation yield is compared to the activation yield calculated
using cross sections from previous experiments and using cross sections predicted by Hauser-
Feshbach models. The activation yield data normalized to the photon fluence, are always
plotted as a function of the bremsstrahlung endpoint energies.
The first section of this chapter briefly describes the basic assumptions of statistical model
calculations. An overview of the two different model codes used in this thesis is presented. The
next sections are dedicated to the activation yield results for the activation standard reaction
197Au(γ, n) and for the photodisintegration reactions on 92Mo and 144Sm.

5.1 The statistical model

For performing complete network calculations, information about the cross sections and astro-
physical reaction rates for a large number of nuclei are necessary. Despite the several experi-
mental efforts, many of the involved nuclei are presently not accessible in the laboratory. For
most of the nuclear reactions in astrophysics, the predictions for reaction rates are theoretically
provided by the statistical model, for e.g, by the Hauser-Feshbach approach [Haus52]. The
basic ideas of the statistical model are presented in this section.
The low energy nuclear reactions are usually dominated by compound-nucleus reactions where
the target nucleus and projectile form an excited compound system. The compound nucleus
is characterized by excitation energy, angular momentum and parity. The excitation energy is
distributed over all degrees of freedom of the compound nucleus whereas any other memory in
the entrance channel is lost. The de-excitation phase is described by the statistical model.
For the reaction of the type iµ(j, o)mν , from the target state iµ to the excited state mν of the
final nucleus, the reaction cross section σµν is given by

σµν (Eij) =
π~2/ (2µijEij)

(2Jµ
i + 1) (2Jj + 1)

∑
J,π

(2J + 1)

× T µ
j (E, J, π, Eµ

i , Jµ
i , πµ

i ) T ν
o (E, J, π, Eν

m, Jν
m, πν

m)

Ttot (E, J, π)

(5.1)

In this expression, it is assumed that the reaction involves many compound states of spin J and
parity π that can be excited. The center of mass energy is denoted by Eij and reduced mass
by µij. In this expression, it is assumed that the corresponding wave functions of the various
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transitions have random phases and σµν is given by the sum over all participating compound
states [Raus00]. In Eq. 5.1, when the properties are used without subscripts they describe
the compound nucleus, subscripts refer to states of the participating nuclei in the reaction
iµ(j, o)mν and superscripts indicate the specific excited states.
The total transmission coefficient Ttot describes the transmission into all possible bound and
unbound states ν in all energetically accessible exit channels o (including the entrance channel
i) and is given by

Ttot = Σν,oT
ν
o (5.2)

In Eq. 5.1, the summation over ν replaces T ν
o (E, J, π) by the total transmission coefficient into

the exit channel o,

To (E, J, π) =
νm∑
ν=0

T ν
o (E, J, π, Eν

m, Jν
m, πν

m)

+

∫ E−Sm,o

Eνm
m

∑
Jm,πm

To (E, J, π, Em, Jm, πm)

× ρ (Em, Jm, πm) dEm

(5.3)

The channel separation energy is denoted by Sm,o and the summation over excited states above
the highest experimentally known state νm is changed to an integration over the level density
ρ.
Form Eqs. 5.1 through 5.3, it is understood that the important ingredients of statistical model
calculations are the particle and γ-transmission coefficients T and the level density of excited
states ρ. The reliability of the statistical model calculations depends very much on the accuracy
with which these different components can be evaluated. The difference between various model
calculations are also based on the difference in these inputs. More details about the statistical
model calculations are given in [Haus52, Raus00].

5.1.1 The model codes TALYS and NON-SMOKER

In this thesis, the experimental data is compared to the predictions of two advanced model
codes TALYS (Koning et al., [Koni04]) and NON-SMOKER (Rauscher et al., [Raus04]) which
are based on the Hauser-Feshbach formalism [Haus52]. Unless otherwise specified, the results
discussed in this chapter were calculated using default nuclear physics inputs to these model
codes, i.e, γ-ray strength functions, nuclear level densities and optical-model potentials.
The TALYS software has been written to simulate nuclear reactions1 in the 1 keV - 200 MeV
incident energy range and for target mass numbers between 12 and 339. It covers all main
reaction mechanisms and provides a complete description of all reaction channels and observ-
ables. TALYS was created at the Nuclear Research and consultancy Group (NRG, Petten,
Netherlands) and Commissariat á l’Energie Atomique (CEA, Bruyéres-le-Châtel, France).
The calculations in the context of this thesis were made with the current version of the code
TALYS1.0. The default option of this code uses the neutron optical-model potential parame-
terizations by Koning and Delaroche [Koni03]. The model for γ-ray strength function is the
so-called Brink-Axel model [Brin57, Axel62] in which a standard lorentzian is used to describe
the shape of the giant dipole resonance. The nuclear level density model is based on an approach
using the Fermi-gas model [Koni08, Eric60].

1http://www.talys.eu
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The NON-SMOKER code is widely used for the prediction of nucleosynthesis reaction rates
[Raus04]. The complete NON-SMOKER database2 contains Hauser-Feshbach statistical model
results for 9 < Z < 84 (Ne to Bi). The code uses the neutron optical-model potential by Jeukenne
et al. [Jeuk74] with a low-energy modification by Lejeune [Leje80]. The γ-ray strength function
is based on a description by Thielemann and Arnould [Thie83]. The low-energy modification of
the GDR Lorentzian is by McCullagh et al. [McCu81]. The nuclear level density implemented
in the NON-SMOKER code is based on a global parametrization by Rauscher et al. [Raus97]
within the back-shifted Fermi-gas formalism.
In this chapter, the results from both the TALYS and the NON-SMOKER codes are compared
with the experimental results from ELBE. The dependence of these model codes to their input
parameters will be discussed in the next chapter in detail.

5.2 Activation yield for the 197Au(γ, n) reaction

At ELBE, the 197Au targets are irradiated both at the photon scattering site as well as the pho-
toactivation site. The activation yield at the photon scattering site is determined and checked
against the calculated yield using cross sections from previous experiments for consistency. The
standardization method using the 197Au(γ, n) reaction has been published [Nair08b].
The targets used were natural samples of 197Au (Au is monosiotopic) with the dimensions given
in Sect. 4.4. The number of activated nuclei produced during the activation was determined
offline by measuring the decay of daughter nuclei in the low-level counting setup discussed in
Sect. 4.2.1.
The 197Au(γ, n) reaction produces the unstable 196Au nucleus which decays either to 196Pt
by electron capture or positron emission (EC+β+) or to 196Hg by beta-decay (β−). The γ-
transitions stemming from the decays are shown schematically in Fig. 5.1 and Fig. 5.2. The
γ-energies, half-lives, etc., were adopted from the online nuclear data tables [ENDSF].
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Figure 5.1: Decay scheme for the 197Au(γ, n)
reaction. The transitions stemming from the
electron capture decay of 196Au are shown.

0

2
+ 426.1 keV   6.8

196

79
Au

02
-

t =6.2 d1/2

Q =687(3) keV
b-

I [ %]

4
2

6
.1

0
+

stable      >0.15

196

80
Hg

b
-
: 7%

Figure 5.2: Decay scheme for the 197Au(γ, n)
reaction. The transitions stemming from the
beta decay (β−) of 196Au are shown.

A typical decay spectrum of a 197Au sample irradiated with bremsstrahlung of an endpoint
energy 14.5 MeV for 17 hours is given in Fig. 5.3. The prominent peaks of the 196Au decay are
marked and correspond to the ones given in Table D.1 of Appendix D. The spectrum shown

2http://nucastro.org/reaclib.html
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here was measured with a HPGe detector of 90% relative efficiency. The absolute efficiency of
the detector has been determined as discussed in Sect. 4.2.1.

Figure 5.3: Spectrum of an irradiated 197Au target. The peaks originating from the 196Au
decay are marked. The target was placed on top of the 90% HPGe detector. A 1.5 mm thick
Cd absorber was used to suppress coincidence summing and low energy X-rays.

The coincidence summing effects depend strongly on the decay scheme and were determined
for the corresponding counting geometry. The three prominent transitions in the 196Au decay
used for analysis are at 333, 356 and 426 keV. The direct decay of the level at 689 keV into
the ground state is obscured by coincidence summing of the 333 and 356 keV decay lines. The
number of γ-rays counted at 333 and 356 keV lines have been corrected for ’summing-out’
events using the method described in Sect. B.2 of Appendix B. For the transition at 333 keV,
the coincidence summing correction amounts to 24% and for 356 keV it is 6%, both with a
relative uncertainty of 5%.
The activation yield has been determined by studying the 196Au decay using Eq. 3.4 described
in Sect. 3.2. The experimental ELBE yield is compared to the calculated yield from previous
experimental cross sections as described in the next section.

5.2.1 Comparison with previous experiments

The photoneutron cross section of 197Au has been measured by various methods on different
grounds. It has been shown that the cross sections in the isovector GDR region as measured at
different laboratories may differ beyond their statistical and systematic uncertainties [Diet88].
In this section, the experimental activation yield from ELBE is compared to calculated yields us-
ing cross sections measured in previous experiments. A comparison of the 197Au(γ, n) cross sec-
tions from previous experiments [Fult62, Berm87, Veys70, Vogt02, Hara07] is given in Fig. 5.4.
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Figure 5.4: Photoneutron cross sections for 197Au(γ, n) from previous experiments. The symbols
denote data from the respective experiments : triangles - Fultz et al. [Fult62], diamonds -
Berman et al. [Berm87], circles - Veyssiere et al. [Veys70]. The cross sections measured by
Veyssiere et al. have been rescaled by a factor of 0.93 based on a recommendation by Berman
et al (Table VI, Ref. [Berm87]), see text for details. The 197Au(γ, n) cross section data below 10
MeV have been derived from bremsstrahlung activation by Vogt et al. (open squares) [Vogt02].
The cross sections determined from the Laser-Compton scattering experiment by Hara et al.
(×) [Hara07] are also shown.

At the Lawrence Livermore National Laboratory (LLNL), the photoneutron cross section of
the nucleus 197Au has been measured with quasi-monoenergetic photons from in-flight positron
annihilation technique. There are two sets of published data - first by Fultz et al. [Fult62] and
later by Berman et al. [Berm87]. The same technique has been used at Saclay (France) for
studying photoneutron reactions on 197Au by Veyssiere et al. [Veys70]. The results from Liv-
ermore and Saclay disagree revealing the differences in the neutron multiplicity determination
procedure used in both laboratories.
Berman et al. have remeasured photoneutron cross sections with quasi-monoenergetic photons
at LLNL, with special emphasis on determining the absolute cross section at energies across the
peak of the GDR. Based on this experiment, Berman et al. have recommended that the data
given by Veyssiere et al. should be reduced by about 7% and the data of Fultz et al. should
not be used at all (see Table VI, Ref. [Berm87]). This recommendation is taken into account
for comparing the present ELBE data with the previously reported values.
At the Laser-Compton scattering facility at the TERAS storage ring at AIST Tsukuba, Japan
quasi-monoenergetic photons were used to study photoneutrons from 197Au(γ, n) up to 12.4
MeV. These data agree very well with the data measured with the positron annihilation tech-



50 Experimental results

nique but as a photon difference method was used they have a rather large experimental un-
certainty [Hara07].
The photoneutron cross section of 197Au for energies close above the (γ, n) threshold has been
deduced by Vogt et al. [Vogt02] using photoactivation with bremsstrahlung at S-DALINAC
(Darmstadt). The cross sections are in agreement with Veyssiere et al., but they exist only for
endpoint energies between 8.0 MeV and 10.0 MeV.
The total nuclear photoabsorption cross section of 197Au was measured at the synchrotron
facility of the Institute of Nuclear Research (Moscow) by Gurevich et al. [Gure80]. Even
though the data agree with the measurements by Veyssiere et al., they scatter significantly
(Fig. 2, Ref. [Gure80]). The tabulated errors are quite big and therefore were not included for
comparison with the ELBE data reported here. The photoneutron yield for gold was measured
by Sorokin et al. [Soro73], at a Betatron facility (Moscow State University) and the cross
sections were deduced by the Penfold-Leiss [Penf59] method. This experiment was done with
an energy resolution of 0.5 MeV for the range of energies considered here. The results from
Sorokin et al. are not included in the present discussion because the uncertainties resulting from
the unfolding process are quite large and the data itself differ significantly from the previous
experimental data.

Figure 5.5: Activation yield for the 197Au(γ, n) reaction normalized to the photon fluence is
compared to the yield calculated using cross sections measured in previous experiments. The
present data are denoted by diamonds with an arrow pointing to the neutron emission threshold.
Reaction yield calculated using the cross sections given by Veyssiere et al. [Veys70] (circles) and
Vogt et al. [Vogt02] (open squares) are in good agreement with the yield measured at ELBE.
Based on the recommendation by Berman et al (Table VI, Ref. [Berm87]), the cross section
data from Veyssiere et al. have been rescaled by a factor of 0.93, see text for details.

In Fig. 5.5, the experimental activation yield from ELBE is compared to the yield calculated
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using the cross sections measured previously. The activation yield is normalized to the photon
fluence measured from the scattered photons in 11B (see Sect. 3.4). The experimental yield
from ELBE is in agreement to the yield calculated by using the cross sections from Vogt et
al. for the close-threshold endpoint-energies up to 10 MeV. The activation yield calculated
using cross sections from Veyssiere et al. is in agreement with the ELBE yield for the whole
range of energies. Close to the neutron emission threshold, the reaction yield strongly depends
on the precise value of endpoint energy E0 of the bremsstrahlung beam. In this case, small
uncertainties in E0 result in large uncertainties of the activation yield.
The uncertainties in the experimental points shown in Fig. 5.5 are mainly from the determina-
tion of photon fluence as discussed in Sec. 3.4. The statistical uncertainties are very small and
in the order of about 0.5-2%. The major systematic uncertainties arise from the extrapolation
of measured photopeak efficiencies to the higher energies in 11B transitions (5%) and in the
systematic deviation of measured photon fluence from the simulated curve (6%). The system-
atic errors have been added up quadratically and amount to about 7.8% but are not shown in
Fig. 5.5.

5.2.2 Comparison with model calculations

In this section, the experimental activation yield is compared to the simulated yield calculated
using cross sections predicted by Hauser-Feshbach models. From Fig. 5.6, it is evident that
simulations using the TALYS and NON-SMOKER codes describe the experimental data only
to a factor of 2. Both calculations were performed using cross sections derived from standard
input parameters. The default option of TALYS for the GDR parameters originates from the
Beijing GDR compilation, as present in the RIPL [RIPL-2] database.
In the case of (γ, n) reactions, one crucial ingredient for the model calculation is the photon
strength function. As the (γ, n) channel in 197Au is the dominant decay channel for the energy
range above threshold, the photon strength distribution directly determines the calculated (γ, n)
cross section and the reaction yield. In the model calculations care is also taken for the fact
that the (γ, p) channel is open above 5.8 MeV. Due to the large Z the p-emission is strongly
suppressed by the Coulomb barrier. With default inputs, the TALYS calculation yields a (γ, p)
cross section which is about four orders of magnitude smaller than the (γ, n) cross section.
The activation yields calculated using TALYS with different optical model potentials like
Koning-Delaroche and Jeukenne-Lejeune-Mahaux (JLM) are very similar demonstrating that
the 197Au(γ, n) reaction yield is not sensitive to the choice of optical model parameters. The
sensitivity to the photon strength function is higher. We modified the deformation dependent
parameters of the E1 strength function used in TALYS according to a new phenomenologi-
cal parametrization. The improved new parametrization explains the experimental data better
than the statistical models with default inputs and is discussed in the following section in detail.

5.2.3 Phenomenological parameterization of the photon strength
function

If one assumes that the dipole strength in a heavy nucleus is dominated by the GDR then the
strength function f1(Eγ) according to Bartholomew et al. [Bart73] is related to the average
photoabsorption cross section 〈σγ(Eγ)〉 by

2J0 + 1

2Jx + 1
· 〈σγ(Eγ)〉
(π~c)2Eγ

= f1(Eγ) =
〈ΓE1〉
E3

γ ·D
, (5.4)
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Figure 5.6: Experimental activation yield normalized to the photon fluence for the 197Au(γ, n)
reaction compared to theoretical model calculations. The experimental data are denoted by
diamond symbols with a downward arrow denoting the neutron emission threshold. The dashed
and dotted lines denote yield calculations using cross sections from TALYS and NON-SMOKER
codes respectively. The solid line represents a TALYS calculation with modified inputs, see text.

with 〈ΓE1〉 and D denoting the average photon width and the average level distance at the
endpoint of electromagnetic transition. J0, Jx denote the spins of ground and excited states
respectively. A new phenomenological description based on the ground state deformation pa-
rameters describes well the average photon absorption for nuclei with A > 80 from Ex ≈ 4 MeV
up to several MeV above the GDR [Jung08]. In particular, results from the detailed studies
on the photon strength distributions in stable even-even molybdenum isotopes are given in
[Wagn08].
A consistent description holds for the photon strength distribution in spherical, transitional,
triaxial and well deformed nuclei. In nearly all nuclei the GDR is split into two or three compo-
nents, whose energies are well predicted by the finite range droplet model (FRDM) [Myer77].
The splitting [Bush91] is due to the three different axes of the ellipsoid parameterizing the
nuclear shape with its deformation parameter β and triaxiality parameter γ:

Ek =
E0 ·R0

Rk

=
E0

exp
[√

5
4π
· β · cos(γ − 2

3
kπ)

] (5.5)

This results from the fact that the vibrational frequency Ek/~ along a given axis k is inversely
proportional to the corresponding semi-axis length Rk. The nuclear radius is parameterized by
R0 = 1.16A1/3fm. The GDR centroid energy E0 given in Ref. [Myer77] of a spherical nucleus
with mass A is calculated with an effective nucleon mass of 874 MeV/c2.
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The average absorption cross section in the GDR is given by

〈σγ(Eγ)〉 =
1.29 · Z ·N

A

3∑

k=1

E2
γΓk

(E2
k − E2

γ)
2 + E2

γΓ
2
k

(5.6)

where the GDR widths Γk to be used in the sum of up to three Lorentzians have been assumed
to be constant, in contrast to earlier descriptions [Kope90, Zani03]. The symbols Eγ, Ek denote
photon energy and resonance energies given in MeV and 〈σγ(Eγ)〉 given in fm2. The Thomas-
Reiche-Kuhn sum rule as determined from general quantum mechanical arguments [Eise88] is
included in this description for the average photon absorption cross section obtained on an
absolute scale.
The width Γk for the different components of the GDR is dependent on the resonance energy
Ek and is generally used for all stable nuclei with A > 80

Γk(Ek) = 1.99 MeV ·
(

Ek

10 MeV

)δ

, (5.7)

where δ = 1.6 is taken from the one body dissipation model [Bush91].
For the case of 197Au we assume that the average of the deformation parameters of the even-
mass neighbor nuclei 196Pt and 198Hg [Maut90, Bock79] can be used to describe the shape of
the odd nucleus 197Au, we insert β = 0.15 and γ = π

3
into Eq. (5.5). The GDR centroid energy

is E0= 13.9 MeV. These parameters are in accordance to the FRDM and result in the following
resonance energies and widths: E1,3= 13.2 MeV, Γ1,3 = 3.1 MeV and E2= 15.2 MeV, Γ2 =
3.9 MeV. The TALYS code was modified with these inputs for oblate deformation. The yield
curve created using the cross sections resulting from modified inputs is shown in Fig. 5.6 and
is in better agreement to the ELBE data.
The photon strength function of 197Au derived from different theoretical models and compared
to experimental data is shown in Fig. 5.7. The strength function created using the modified in-
puts as discussed above is compared to the default models [Brin57, Axel62, Kope90] in TALYS
which treat 197Au as a spherical nucleus. It is clear that the new parameters lead to a reduced
strength at energies below the GDR and thus describe its shape well with a constant spread-
ing width. This agrees well to the experimental strength function given by Bartholomew et
al. [Bart73] for energies below the neutron emission threshold. Above the separation energy,
the strength functions shown were deduced from the 197Au(γ, n) cross sections by Veyssiere et
al. The strength function derived using the modified parameters gives a clearly better fit to
the data than calculations [Gori02, Khan01] on the basis of the quasi-particle random- phase
approximation (QRPA) with phenomenological correction for deformation.

5.3 Photodisintegration of 144Sm

The photodisintegration reactions (γ,n), (γ,p) and (γ, α) of 144Sm are shown in a nuclide chart
in Fig. 5.8. In 144Sm, the neutron separation energy is 10.5 MeV and the proton separation
energy 6.7 MeV. The bremsstrahlung endpoint energies of irradiation were chosen for each
reaction accordingly. The photoactivation process and the resulting daughter decays are shown
schematically in Fig. 5.9.
For the activation of samarium we used fine Sm2O3 powder filled in polyethylene capsules with
dimensions chosen according to the particular technique used (manual or rabbit system, see
Sect. 4.4). Au targets were irradiated both at the photoactivation and photon scattering sites
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Figure 5.7: The photon strength function of 197Au derived on the assumption of oblate defor-
mation (solid line) compared to different models. The dashed and dotted lines correspond to
the strength functions given by Brink-Axel [Brin57, Axel62] and Kopecky-Uhl [Kope90] mod-
els respectively. The microscopic E1 photoabsorption strength-functions determined within a
QRPA model [Gori02, Khan01] is shown by the dash-dotted line. All calculations were done
using the Talys Code. The Enhanced Generalized LOrentzian (EGLO) model taken from the
Reference Input Parameter Library RIPL-2 of the IAEA [RIPL-2] is shown as a thin solid line.
The experimental strength function from Bartholomew et al. [Bart73] (squares) below the neu-
tron emission threshold and the strength function derived using the 197Au(γ,n) photoneutron
cross section measured by Veyssiere et al. (circles) are also shown. For determining the dipole
strength function, the cross sections measured by Veyssiere et al. have been renormalized by
a factor of 0.93, based on the recommendation by Berman et al (Table VI, Ref. [Berm87]), see
text for details.

for flux normalization purposes. The irradiated targets were studied using the gamma-detection
methods discussed in Chapter 4. The activation yield normalized to the photon fluence for the
photodisintegration of 144Sm are discussed in the next sections in detail.

5.4 Activation yield for the 144Sm(γ, n) reaction

The 144Sm(γ,n) reaction produces 143Sm or 143mSm. Since both radionuclides produced are
short-lived, the irradiation was carried out using the rabbit system (see Sect. 4.3). The irradi-
ation was performed for various endpoint energies starting with E0 = 11.00 MeV which is 4.81
MeV above the neutron separation energy. The dimensions of the Sm2O3 and Au targets used
for irradiation is given in Table 4.1 of Sect. 4.4. The irradiation period for this experiment
lasted between 15-45 minutes.
The gamma-ray spectrum of an activated sample of samarium after 10 minutes of irradiation
using the rabbit system is shown in the left panel of Fig. 5.10. In the overlayed figure, the
upper spectrum was taken 1 minute after the irradiation and the lower one after 9 minutes.
The decays following 144Sm(γ,n)143mSm and 144Sm(γ,n)143Sm reactions with half-lives 66 s and
8.75 min respectively are clearly seen. The 144Sm(γ,n)143mSm reaction is identified with the
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Figure 5.8: The photodisintegration reactions (γ,n), (γ,p) and (γ, α) on 144Sm.
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Figure 5.10: Decay spectrum following the reaction 144Sm(γ,n) is shown on the left panel. The
γ-ray energies are marked for the transitions from the decay of the isomeric and ground states
of 143Sm. In the overlayed figure, the upper spectrum was taken 1 minute after an irradiation
(red) and the lower one after 9 minutes (blue). On the right panel, exponential decrease in the
rate of 143Sm identified with the strongest line at 1057 keV is shown which was used for the
half-life determination.

unique transition at 754 keV and the 144Sm(γ,n)143Sm with the transitions above 1000 keV.
On the right panel, exponential decay of the ground state of 143Sm is shown. The measured
half-life is 8.83± 0.08 min which is in agreement with the recent literature value 8.75±0.08 min
given in [ENDSF]. The decay properties of the daughter nuclei stemming from the 144Sm(γ,n)
reaction are given in detail in Table. D.1 of Appendix D.

5.4.1 Comparison with previous experiments

The photoneutron cross sections of the samarium isotopes have been measured by Carlos et
al. [Carl74] using the positron annihilation technique at Saclay. In particular, Carlos et al. had
presented a study of the transition from spherical to deformed isotopes in the samarium region.
The partial photoneutron cross sections - [σ(γ,n)+σ(γ,np)] and σ(γ,2n) of 144Sm are given in
Fig. 2 of [Carl74].
The isomeric state excitations have been investigated for several N=82 shell nuclei by Mazur et
al. [Mazu95] in the energy range 8-18 MeV. The experiments were carried out via the activation
technique using bremsstrahlung beams from the M-30 microtron facility at Uzhgorod (Ukraine).
The cross sections were calculated using the Penfold-Leiss method [Penf59], see Fig. 1, [Mazu95].
Mazur et al. have also measured the isomeric yield ratio η = Ym

Ym+Yg
[Vans81] as a function of

endpoint energy for the 144Sm(γ,n)143g,mSm reaction.
The experimental cross sections for the 144Sm(γ,n)143Sm [Carl74] and 144Sm(γ,n)143mSm [Mazu95]
are shown in the right panel of Fig. 5.11. The cross sections calculated using the TALYS and
NON-SMOKER codes are also shown (left panel, Fig. 5.11).
At ELBE, we determined the activation yield for the 144Sm(γ,n) reaction using the method
described in Chapter 3 (see Sect. 3.2). The samarium targets were irradiated in the photoac-
tivation site (see Fig. 3.2, Sect. 3.3). The activation yield Yact is normalized to the photon
fluence Φγ at EX

γ = 7.288 MeV.
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Figure 5.11: Photoneutron cross sections for 144Sm from model calculations (left) and previous
experiments (right). The statistical model calculations using the NON-SMOKER code (full
line) give the total photoneutron cross sections. The TALYS code also calculates the separate
components from the activation of 144Sm to the ground state of 143Sm (dashed line), to the
isomeric state 143mSm (dotted line) and the total (dash-dotted line) cross sections. The exper-
imental data on the right are from Carlos et al. [Carl74] (144Sm(γ,n)143Sm, circles) and Mazur
et al. [Mazu95] (144Sm(γ,n)143mSm, open circles) respectively.

Figure 5.12: On the left panel, the experimental activation yield (blue squares) for the
144Sm(γ, n)143Sm reaction normalized to the photon fluence is compared to the yield calcu-
lated using cross sections measured by Carlos et al. (red open circles). The cross sections
measured by Carlos et al. have been rescaled by a factor of 0.8; based on the recommendations
by Berman et al. [Berm87] for the measurements at Saclay (see text for details). The down-
ward arrow denotes the neutron emission threshold. The yield ratio η = Ym

Ym+Yg
measured in

the ELBE experiment (diamonds) is compared to the yield ratio given by Mazur et al. (open
diamonds) as shown on the right panel.

The experimental activation yield for the 144Sm(γ,n)143Sm reaction (Yg) normalized to the
photon fluence is compared to the calculated yield using the cross sections by Carlos et al. as
shown on the right panel of Fig. 5.12. The cross section data from Carlos et al. had to be
corrected for two effects:

1. The target used by [Carl74] had a contamination of 11.4 % of other Sm-isotopes. We
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have subtracted the possible contamination using earlier data obtained with natural-Sm
at the same laboratory [Berg69] at nearly the same photon energies.

2. As shown in a precision experiment by Berman et al. [Berm87], the cross sections measured
at Saclay are too large by 20% in quite a few cases. For this particular case, we applied
an additional correction factor of 0.8.

The corrected cross sections were then used to calculate the activation yield which compares
to the ELBE experimental yield as in Fig. 5.12.
In addition, we determined the activation yield for the population of the isomeric state (Ym)
using the same method described in Sect. 3.2. With known Yg and Ym, the yield ratio η = Ym

Ym+Yg

was determined which is shown in the right panel of Fig. 5.12. The yield ratio given by Mazur
et al. is also shown. The experimental yield ratio from ELBE is in good agreement to the data
from Mazur et al.

5.4.2 Comparison with model calculations

Figure 5.13: Experimental activation yield normalized to the photon fluence for the 144Sm(γ, n)
reaction compared to theoretical model calculations. The experimental data are denoted by
squares with a downward arrow denoting the neutron emission threshold. The dashed and
dotted lines denote yield calculations using cross sections from TALYS and NON-SMOKER
codes respectively. The solid line represents a TALYS calculation with modified inputs, see
text.

In Fig. 5.13, the 144Sm(γ,n)143Sm reaction yield normalized to the photon fluence is compared
to the simulated yield calculated using cross sections predicted by Hauser-Feshbach models.
The experimental yield agrees to the simulated yield integrals using cross sections predicted by
the default inputs to TALYS (agrees within 20%) and NON-SMOKER (agrees within a factor
of 2) models. The TALYS code was modified with γ-ray strength functions derived on the basis
of the discussion given in Sect. 5.2.3. The following resonance parameters were used: E1=
14.84 MeV, σ1= 356.6 mb and Γ1 = 3.74 MeV. The yield curve created using the cross sections
resulting from modified inputs is also shown in Fig. 5.13.
On the right panel of Fig. 5.13, the yield ratio measured at ELBE is compared to the yield
ratio calculated using cross sections predicted by the TALYS code with default and modified
inputs. The cross sections for the population of the isomeric state are not given in the tables
by Rauscher et al. and hence it was not possible to calculate a yield ratio.
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5.5 Activation yield for the 144Sm(γ, p) and 144Sm(γ, α) re-

actions

This section is dedicated to the activation yield measured for photon-induced reactions in 144Sm
with charged particles in the exit channel. The 144Sm(γ, p) and 144Sm(γ, α) were measured for
the first time at ELBE at astrophysically relevant energies. The cross section predictions for
the (γ, p) and (γ, α) reactions by the default TALYS and NON-SMOKER model codes are
given in Fig. 5.14. The decay properties of the daughter nuclei stemming from the respective
photodisintegration reactions on 144Sm are given in Table. D.1 of Appendix D.

Figure 5.14: 144Sm(γ, p) and 144Sm(γ, α) cross sections from model calculations. TALYS and
NON-SMOKER predictions are shown with dashed and solid lines respectively .

In the photoactivation of 144Sm, (γ, n) and (γ, p) cannot be distinguished at high energies above
the neutron separation energy (Sn=10.5 MeV) since the (γ, n) daughter nucleus decays very
quickly to the (γ, p) daughter nucleus. Therefore, to measure the pure (γ, p) reactions, we used
bremsstrahlung energies sufficiently below 10.5 MeV. The rather small (γ, p) cross sections at
these low energies (<0.1 mb, see Fig. 5.14) results in a decay spectrum with weak counting
statistics. Therefore, the decay measurements were performed under optimized background
conditions in the underground laboratory ”Felsenkeller” (see Sect. 4.2.3).
The decay spectrum of a Sm2O3 target irradiated at an endpoint energy of 15.0 MeV is given
in Fig. 5.15. The target was placed on top of the 30% HPGe detector at Felsenkeller. The
target specifications were discussed in Sect. 4.4. The 144Sm(γ, p) reaction is identified by the
transition at 742 keV from 143Pm decay (EC) with a half life of 265 days, see figure. The other
peaks in the spectrum are stemming from the contamination reactions in the other isotopes of
samarium (e.g., 154Sm(γ, n)).
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Figure 5.15: Spectrum of an irradiated Sm2O3 target. The peaks originating from the
144Sm(γ, p) and 144Sm(γ, α) reactions are marked. The target was placed on top of the 30%
HPGe detector at the underground laboratory ”Felsenkeller”. The other peaks are from the
contamination reactions like 154Sm(γ, n) etc. The target was irradiated at a bremsstrahlung
endpoint energy of 15.0 MeV and the spectrum shown here was recorded for a period of 1 day.

Figure 5.16: Absolute activation yield as a function of endpoint energy for photodisintegration
reactions in 144Sm. The yields for 144Sm(γ,p) (blue squares) and 144Sm(γ,α) (red diamonds)
are shown. The dashed and dotted lines denote yield calculations using cross sections from
the TALYS and NON-SMOKER codes with default inputs whereas the solid line represents a
TALYS calculation with modified inputs, see text.
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The 144Sm(γ,α) reaction was identified by the transition at 1596 keV from 140Pr which is the
short-lived daughter of the (γ, α) reaction product 140Nd. For 144Sm the Q(α) value is -0.145
MeV. Half-lives for 140Nd and 140Pr are 3.37 days and 3.4 minutes respectively. In the spectrum
shown in Fig. 5.15, the 1596 keV transition is also marked.
The activation yields for the 144Sm(γ, p) and 144Sm(γ, α) reactions compared to the simulated
yields using cross sections predicted by TALYS and NON-SMOKER are shown in Fig. 5.16.
The predictions given by the TALYS code with modified inputs to the γ-ray strength function
(see Sect. 5.4.2) are also shown. The sensitivity of the theoretical predictions to the nuclear
physics inputs will be discussed in detail in the following chapter.
The uncertainties in the experimental yield shown in Fig. 5.16 are mainly the statistical uncer-
tainties arising from the peak fit for the rather low-statistics peaks (10-35%). For a detailed
discussion on the fit routines for such low-statistics peaks, see Fig. 4.2, Sect. 4.1.1. The statis-
tical uncertainty from the calculation of the full-energy peak efficiency is very small (0.2-0.5%).
The systematic uncertainties arise from the photon emission probabilities for the decays stem-
ming from the (γ, p) (6%) and (γ, α) (8%) reactions (see Table. D.1, Appendix D) and from the
full-energy peak efficiency calculations (2%). The systematic errors are not shown in Fig. 5.16.

5.6 Activation yield for the 92Mo(γ, α) reaction

As discussed in Sect. 2.4, Mo and Ru isotopes are underproduced in the network calculations and
need particular attention in the experimental frame. At ELBE, the photon induced reactions of
92Mo isotope are studied to test if the reaction rates that are part of the nuclear physics input to
the network calculations are correct. The experimental results from 92Mo(γ,n/p) reactions are
given in the thesis work of [Erha09]. The results of the 92Mo(γ, α) experiment will be discussed
in this section.

Figure 5.17: Spectrum of an irradiated 92Mo
target. The peaks stemming from the de-
cays following the 92Mo(γ, p) (1205 keV) and
92Mo(γ, α) (393 keV) reactions are marked.
The spectra shown here was measured using
a 90% HPGe detector for about 6 days.

Figure 5.18: Half-life calculations by studying
the 92Mo(γ, α) photodisintegration. The 393
keV peak stemming from the 88Zr decay was
studied periodically and the half-life was calcu-
lated from an exponential fit to the descending
count rate.

At the photoactivation site, natural samples of molybdenum (mass 1 - 3 g, disc diameter 20
mm) were irradiated together with the Au samples for flux normalization. The decay of the
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irradiated Mo targets were studied at the low-level counting setup discussed in Sect. 4.2.1.
The 92Mo(γ, α) reaction is identified by the transition at 393 keV from 88Zr decay (EC) with
a half life of 83.4 days. A sample spectrum is given in Fig. 5.17. The peaks stemming from
the 92Mo(γ, α)88Zr (393 keV) and 92Mo(γ, p)91Nb (1205 keV) are marked. By measuring the
exponential decay of 88Zr (see Fig. 5.18), we determined the half-life to be 85.1±2.1 days which
is in good agreement with the literature value 83.4±0.3 days [ENDSF]. The decay properties of
the daughter nuclei stemming from 92Mo(γ, α) reaction are given in Table. D.1 of Appendix D.

Figure 5.19: Absolute activation yield for the 92Mo(γ,α) reaction (diamonds) are shown. The
dashed and dotted lines denote yield calculations using cross sections from TALYS and NON-
SMOKER codes with default inputs.

The activation yield measured for the 92Mo(γ, α) reaction is given in Fig. 5.19. The simulated
yields using cross sections predicted by the default TALYS and NON-SMOKER models are
also shown. The measured activation yields for (γ,n) and (γ,p) given by Erhard et al [Erha06a,
Erha06b] and the (γ,α) results given here indicate that the underproduction of Mo in the p-
process nucleosynthesis is likely not due to wrong photodisintegration rates in the theoretical
calculations (see also: [Nair08c]).
The uncertainty in the experimental yield shown in Fig. 5.19 is mainly the statistical uncertainty
arising from the peak fit for the rather low-statistics peaks (4-26%), see Sect. 4.1.1. The sys-
tematic (1.5%) and statistical (0.2-0.5%) uncertainties from the calculation of full-energy peak
efficiency is very small. An overview of the overall uncertainties entering into the experimental
yield calculation is provided in the next section.



5.7 Statistical and systematic uncertainties 63

5.7 Statistical and systematic uncertainties

In this section, a brief overview of the uncertainties involved in the data analysis of the pho-
todisintegration experiments presented in this thesis are given. In the following discussion, the
statistical and systematic uncertainties will be referred as ∆stat and ∆sys.
The uncertainties in counting experiments due to the poisson distribution of the observed decay
processes are named as statistical uncertainties. These can be reduced by several individual
measurements. Systematic uncertainties are reproducible inaccuracies that are typically consis-
tent in the same direction and are often due to a problem which persists throughout the entire
experiment. An overview of how the statistical and systematic uncertainties contribute to the
total uncertainty in the photoactivation experiments is given in Table. 5.1.
In the activation yield determination procedure discussed in Chapter 3 (see Sect. 3.2), the
major uncertainties are from the detection efficiency, half-life, photon emission probability and
from the determination of peak areas in the measured decay spectra.
As discussed in Sect. 4.2.1, the statistical uncertainty in the full-energy peak efficiency de-
termination for the detectors at the low-level counting setup are very small in the order of
0.2-0.5%. The systematic uncertainties are mostly from the activity given in the source certifi-
cates and amount to about 0.6-1.5%. The statistical uncertainty in the measured full-energy
peak efficiency for the detectors at the photon scattering site is about 0.5-2% and systematic
uncertainties are 0.6-1.5%.

Quantity ∆stat / % ∆sys / %
full-energy peak efficiencya 0.2-0.5 0.6-1.5
full-energy peak efficiencyb 0.5-2 0.6-1.5
γ-emission probability 5-13
half-lives 0.2-2.6
target mass 0.2-1
summing correction 0.6-1.5
peak area 0.5-33
photon fluence 0.5-2 7.8

Table 5.1: The uncertainties in the activation experiments discussed in the scope of this thesis.
The statistical (∆stat) and systematic (∆sys) uncertainties are given, see text for details. The
superscripts a and b distinguish the full-energy peak efficiencies at the low-level counting setup
and photon scattering site respectively.

The uncertainty contributions stemming from half-lives, target mass and summing corrections
are very small and are in the order of a few percent only (see Table. 5.1). The statistical
uncertainty from the peak area determination falls into a wide spectrum, depending on the
counting statistics. A more detailed discussion of the peak fit routine was given in Sect. 4.1.1.
For γ-peaks with very low statistics, the uncertainties can be quite large and are given in
Table. 5.1.
The most significant uncertainty in the reaction yield is from the photon fluence determination
using photon scattering from 11B (see Sect. 3.4.2). The statistical uncertainties from the γ-
counting in this case are quite small and in the order of 0.5-2%. The systematic uncertainty
in the extrapolation of the full-energy peak efficiency is about 5% in the energy range of the
observed transitions in 11B. The systematic deviation of the measured photon fluence from the
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simulated fluence is about 6% (see Fig. 3.9, Sect. 3.4.2). While adding up quadratically, the
total systematic uncertainty in the fluence determination procedure amounts to 7.8%.
The statistical uncertainties in the activation yield for the photon induced reactions in 144Sm
and 92Mo depends very much on the γ-counting statistics and are given along with the results at
the end of respective sections (see Sect. 5.4, Sect. 5.5 and Sect. 5.6). The systematic uncertainty
is mainly from the photon fluence determination. The samarium/molybdenum targets were ir-
radiated at the photoactivation site discussed in Sect. 3.3.1 where the photon fluence is given by
the ratio of the measured 197Au(γ,n) activation yield and the calculated activation yield using
the known photoneutron cross sections from 197Au and a simulated thick target bremsstrahlung
spectrum using the code MCNP (see Sect 3.2). The activation yield of 197Au(γ,n) was deter-
mined at the photon scattering site (see Fig. 3.2) to verify the photoneutron cross sections to
be used for the photon fluence determination. At the photon scattering site, the photon flux
was determined from the scattering of 11B (see Sect. 3.4). The systematic uncertainties in the
photon fluence at both the target sites are, in principle, identical and amount to about 7.8%.

Figure 5.20: Experimental activation yield normalized to the photon fluence for the 197Au(γ, n)
reaction close to threshold compared to the TALYS model calculations with default inputs.
The dashed and dotted lines denote yield calculations with a deviation of ± 40 keV in the
endpoint energy. The experimental data are denoted by diamond symbols with a downward
arrow denoting the neutron emission threshold. At 8.50 MeV, which is about 4.29 MeV above
the threshold, the 40 keV deviation in the endpoint energy gives rise to about 20% difference
in the activation yield curves.

As pointed out earlier in Chapter 3, an essential requisite of the photoactivation experiment
is the precision measurement of the bremsstrahlung beam energy. As discussed in Sect. 3.5.2,
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the endpoint energy of the bremsstrahlung distribution is determined by measuring the proton
energy from the photodisintegration of the deuteron. The measured spectra are fitted to a
simulated proton spectrum for beam energy determination. The statistical uncertainties stem-
ming from the fit amount to about 2-8 keV for the range of energies discussed in the scope
of this thesis. The systematic deviation of the experimental proton spectrum from the simu-
lated one is 40 keV. This deviation plays a significant role only for endpoint energies close-above
the neutron/proton-emission threshold of the photodisintegration reaction under consideration.
An example depicting the case of the 197Au(γ, n) reaction yield is shown in Fig 5.20. At 8.50
MeV (4.29 MeV above the neutron emission threshold), the 40 keV deviation in the endpoint
energy gives rise to a significant effect of 20% on the activation yield calculated using cross
sections from TALYS. At higher energies, the effect becomes smaller. For the 197Au(γ, n) and
144Sm(γ, n) experiments presented in this work, the close-threshold experimental data are thus
prone to larger uncertainties than the high-energy data.
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Chapter 6

Discussion

For simulating the photoactivation yields discussed in this thesis, we used the TALYS and NON-
SMOKER codes which are based on the Hauser-Feshbach formalism. The cross sections given
by the NON-SMOKER code were adopted from the database of [Raus04] and the predictions
by TALYS were from the recent version of the code (TALYS1.0). The difference in predictions
between the two codes are mostly linked to the nuclear physics input involved, e. g., optical-
model potentials, nuclear level densities and γ-ray strength functions. In this chapter, a study
of the sensitivity of the theoretical models to the various input parameters are presented.

6.1 Sensitivity of the statistical model calculations to

nuclear physics input

Both the TALYS and NON-SMOKER codes use different nuclear physics inputs such as γ-ray
strength functions, optical model potentials and nuclear level densities. As already mentioned
in Sect. 5.1.1, the NON-SMOKER code uses the neutron optical-model potential by Jeukenne
et al. [Jeuk77b] and the γ-ray strength function is based on a description by Thielemann
and Arnould [Thie83]. The nuclear level densities are based on a global parametrization by
Rauscher et al. [Raus97]. The experimental activation yield for all the photon induced reactions
discussed in this thesis have been compared to the predicted yield from NON-SMOKER code.
The calculations were based on the default nuclear physics inputs to the code.
In contrast to the NON-SMOKER model, the TALYS code allows the user to modify each
single input entering the calculations. The default option of the code uses the neutron optical-
model potential parameterizations by Koning and Delaroche [Koni03] and the γ-ray strength
functions using the Brink-Axel model [Brin57, Axel62]. The nuclear level density model is
the constant-temperature model with a Fermi-Gas model approach for higher energies [Eric60].
The different options and keywords of the TALYS code inputs are summarized in Table. 6.1.
In the next sections, the impact of choosing different nuclear physics inputs to the TALYS code
is discussed in detail.

6.1.1 The γ-ray strength functions

In the TALYS code, 4 different models for the γ-ray strength functions are included. The
standard is the so-called Brink-Axel option [Brin57], in which a standard Lorentzian is used
to describe the giant dipole resonance shape. At present, the Brink-Axel option is used for
all transition types other than E1. For E1 radiation, the default option used in TALYS is the
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Notation Model / Parametrization TALYS keyword

PSF0 Brink-Axel / This work strength 2 + parametr.
PSF1 Kopecky-Uhl strength 1
PSF2 Brink-Axel / Dietrich-Berman strength 2 (standard)
PSF3 Hartree-Fock-BCS strength 3
PSF4 Hartree-Fock-Bogolyubov strength 4
OMP1 Koning-Delaroche alphaomp 1 (standard)
OMP2 McFadden-Satchler alphaomp 2
OMP3 Jeukenne-Lejeune-Mahaux jlmomp y
NLD1 Constant temperature + Fermi gas model ldmodel 1 (standard)
NLD2 Back-shifted Fermi gas model ldmodel 2
NLD3 Generalized superfluid model + Fermi gas model ldmodel 3
NLD4 Microscopic level density: Goriely + Fermi gas model ldmodel 4
NLD5 Constant temperature + Fermi gas model ldmodel 5

Table 6.1: The different options used for the photon strength functions (PSF), optical-model
potentials (OMP) and nuclear level densities (NLD) in the TALYS model code. The second
column denotes the theoretical models used in the calculations and the last column is the
TALYS keyword to initiate a calculation with the respective model.

generalized Lorentzian form of Kopecky and Uhl [Kope90]. The notations for different models
as used in TALYS1.0 are given in Table. 6.1.
The GDR parameters for the individual nuclides are stored in the nuclear structure database
of TALYS for E1 transitions. They originate from the Beijing GDR compilation, as present
in the RIPL database [Diet88]. For each isotope, the corresponding Z, A, energy E0 (MeV),
strength σ0 (mb) and width of the GDR Γ0 (MeV) are stored along with the nuclear symbol.
In case when there is more than one resonance, a second set of Lorentzian parameters is
used. For all transitions other than E1, the resonance parameters are from the compilation by
Kopecky [RIPL-2]. The resonance parameterizations used for transitions other than E1 or in
case when there is no tabulated data for E1, are given in the TALYS1.0 user’s manual in detail.
For E1 radiation, two microscopic options also exist in TALYS. These are the γ-ray strength
functions calculated by Goriely according to the Hartree-Fock BCS model and the Hartree-Fock-
Bogolyubov model (see [RIPL-2] also). The notations and keywords indicating the models are
given in Table. 6.1. The microscopical strength functions have not been adjusted to experi-
mental data.
The default inputs can always be combined or overruled with user-defined input parameters.
We modified the γ-ray strength functions for each experiment in the scope of this thesis using
the parametrization given by [Jung08] (cf. Sect. 5.2.3, Chapter 5). The resonance energy Ek,
cross section σk and width Γk has been modified and a new yield curve was created using
the cross sections resulting from modified inputs. The resulting calculations are denoted with
PSF0, see Table. 6.1.
The activation yield calculated using cross sections from TALYS predictions with different op-
tions for the γ-ray strength functions are compared to the experimental yields in Fig. 6.1 and
Fig. 6.2. For the 144Sm(γ,n)143Sm reaction yield, the simulated yield calculated using cross
sections predicted by the TALYS code with the γ-ray strength function models PSF1 and
PSF2 seem to agree within 20%. The TALYS calculations with the γ-ray strength function
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Figure 6.1: Experimental activation yield normalized to the photon fluence for the
144Sm(γ,n)143Sm (triangles) and 144Sm(γ,n)143mSm (open triangles) reaction compared to
TALYS model calculations with different inputs for the photon strength functions. The simula-
tions are shown by different lines denoting different strength function models (PSF0 to PSF4)
which correspond to Table. 6.1.

Figure 6.2: Sensitivity of the model calculations to different inputs for the photon strength
functions. The absolute activation yields for 144Sm(γ,p) (squares) and 144Sm(γ,α) (diamonds)
are shown. The different lines correspond to the yield calculations with different inputs for the
photon strength functions (PSF0 to PSF4) and correspond to the models given in Table. 6.1.
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parametrization given in Sect. 5.2.3 are denoted by PSF0. The yield curve created using the
microscopic strength functions (PSF3, PSF4) is found to group separately and gives higher ac-
tivation yields as compared to the experimental data. For the 144Sm(γ,n)143mSm reaction yield,
the simulated yield calculated using cross sections predicted using the γ-ray strength function
model PSF1 seem to disagree from the experimental data and group with the microscopic
models.
The activation yield for the 144Sm(γ, p) reaction is compared to the simulated yield as shown
in Fig. 6.2. The prediction given by PSF0 is in agreement to the predictions using the model
2 (PSF2), but both deviate from the experimental data. The yield curve created using the
microscopic strength functions (PSF3, PSF4) as well as the model PSF1 are different from the
calculations using the strength function models 0 and 2, but these predictions are closer to
the observed yields. In contrast, for the 144Sm(γ, α) reaction, the simulated yields (Fig. 6.2)
using microscopic strength function models as well as PSF1 deviate from the experimental data
whereas the predictions using strength function models PSF0 and PSF2 are more close to the
experimental yields.

6.1.2 Optical model potentials

The default for the optical model potentials (OMPs) used in TALYS are the local and global
parameterizations of Koning and Delaroche [Koni03]. The Koning and Delaroche optical model
potentials are based on smooth energy dependent forms for the potential depths with the
associated geometry parameters constrained within acceptable limits around a global average.
These enable one to predict basic scattering observables over a broad mass range (24 ≤ A ≤
209) and over an energy range that covers several orders of magnitude in MeV (1 keV-200 MeV).
The detailed phenomenological description of the optical model potentials (OMP) for nucleon-
nucleus scattering are given in the TALYS user manual. A local OMP can be constructed
if there is existing experimental scattering data for a certain nucleus. In case if there is no
experimental information, a built-in global optical model is automatically used which can be
applied for any Z/A combination.
Besides the phenomenological OMP, a semi-microscopic nucleon-nucleus spherical optical model
potential is also included in TALYS. The model description is based on [Baug01]. In the TALYS
1.0 version the so called Jeukenne-Lejeune-Mahaux (JLM) OMP calculations are performed
using Bauge’s microscopic optical model code [RIPL-2] as a subroutine. The JLM OMP is
based on the Brückner-Hartree-Fock work of Jeukenne, Lejeune and Mahaux [Jeuk74, Jeuk76,
Jeuk77a, Jeuk77b]. A detailed description of the JLM OMP model is given in the TALYS user
manual. Another option in the OMP models is the alpha optical potential of McFadden and
Satchler [McFa66]. The yield curve created using the three different options for the OMPs are
shown in Fig. 6.3 and Fig. 6.4. For these calculations, the γ-ray strength functions predicted
by the model PSF0 (see Table. 6.1) were used.
For the 144Sm(γ,n)143g,mSm and 144Sm(γ,p)143Pm reaction yields, the simulated yields calcu-
lated using cross sections with the optical model inputs 1 and 2 (OMP1, OMP2) do not differ
much from each other. In the case of 144Sm(γ,p)143Pm reaction yield, the yield curve created
using the semi-microscopic spherical optical model JLM is higher for endpoint energies above 12
MeV when compared to the calculations using the Koning-Delaroche and McFadden-Satchler
models. For the 144Sm(γ, α)140Nd reaction, the simulated yields (Fig. 6.4) using the different
OMPs deliver similar result towards higher energies. At the same time, we could see that
the sensitivity to the OMP is not as large as to the PSF. The JLM parametrization seem to
favor proton emission over neutron emission, while the alpha emission is reduced. In brief, the
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Figure 6.3: Experimental activation yield normalized to the photon fluence for the
144Sm(γ,n)143Sm (triangles) and 144Sm(γ,n)143mSm (open triangles) reactions compared to
TALYS model calculations with different inputs for the optical model potentials. The sim-
ulated yields are shown by different lines denoting calculations with different optical model
potentials (OMP1 to OMP3) which correspond to the models given in Table. 6.1.

Figure 6.4: Absolute activation yields for 144Sm(γ,p)143Pm (squares) and 144Sm(γ, α)140Nd
(diamonds) normalized to the photon fluence are compared to simulated yields with different
inputs for the optical model potentials. The theoretical calculations are shown by different lines
which correspond to the OMP models (OMP1, OMP2 and OMP3) given in Table. 6.1.
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influence of the alpha-nucleus potential on the activation yield is below a factor of 2.

6.1.3 Nuclear level densities

In TALYS 1.0, several models are implemented for the nuclear level densities which range from
phenomenological analytical expressions to tabulated ones derived from microscopic models.
Different level densities are calculated as a function of the excitation energy, spin, parity and
fission barrier. The simplest and the standard model used in TALYS (NLD1) is the constant-
temperature model with a Fermi-Gas model (FGM) approach for higher energies. It is based on
the assumption that the single particle states which construct the excited levels of the nucleus
are equally spaced, and that collective levels are absent. The other two options for the level
density models are the Back-shifted Fermi gas model (NLD2) and the generalized superfluid
model (NLD3). The models and the corresponding identifier keywords are given in Table. 6.1.

Figure 6.5: Experimental activation yield normalized to the photon fluence for the
144Sm(γ,n)143Sm (triangles) and 144Sm(γ,n)143mSm (open triangles) are compared to the simu-
lated yield curves with different inputs to the nuclear level densities. The calculated yields are
shown by lines corresponding to the level density models 1 to 4 (NLD1 to NLD4), see Table. 6.1
also. The calculations using the level density model 5 (NLD5) is shown with cross symbols.

The microscopic approaches to the level density models are also included in TALYS1.0. The
level densities from S. Goriely calculated on the basis of Hartree-Fock calculations [Gori01]
are implemented with the keyword ldmodel 4 (NLD4). Besides this, new energy-, spin- and
parity-dependent nuclear level densities based on the microscopic combinatorial model pro-
posed by Hilaire and Goriely [Hila06] are also included. This combinatorial model is a detailed
microscopic calculation of the intrinsic state density and collective enhancement. The nuclear
structure properties determined within the deformed Skyrme-Hartree-Fock-Bogolyubov frame-
work are used for the calculations. These level densities are included with the identifier keyword
ldmodel 5 (NLD5, see Table. 6.1).
The experimental activation yield for the photodisintegration reactions in 144Sm compared
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Figure 6.6: The 144Sm(γ,p)143Pm (squares) and 144Sm(γ, α)140Nd (diamonds) activation yields
compared to the simulated yields with different inputs for the nuclear level densities. The
simulated yield curves are shown by different lines corresponding to the NLD models given in
Table. 6.1 (NLD1 to NLD4). The cross symbols stand for predictions using the level density
model 5 (NLD5).

to the simulated yield curves with different inputs to the nuclear level densities are given in
Fig. 6.5 and Fig. 6.6. In these calculations, the γ-ray strength functions predicted by the model
PSF0 and the optical model potentials by Koning and Delaroche (OMP1, see Table. 6.1) were
used. For the 144Sm(γ,n)143g,mSm reaction yield, the simulated yields calculated using cross
sections with the nuclear level density models NLD1, NLD2 and NLD3 do not differ much from
each other and are in agreement with the experimental data within about 20% (see Fig. 6.5).
The yield curve created using the microscopic models (NLD4, NLD5) are different from the
analytical models. For the 144Sm(γ,p)143Pm and 144Sm(γ, α)140Nd reactions, the simulated
yields (Fig. 6.6) using different NLD models differ significantly from each other. For the (γ, α)
reaction yield, none of the models could describe the experimental results whereas for the (γ, p)
reaction, the activation yield calculated using the microscopic level density model (NLD4, see
Fig. 6.6) is in agreement with the experimental data.
In conclusion, most of the experimental results presented in thesis are well-described by the
statistical model calculations. The yield calculations with different nuclear physics inputs
reveals the predictive power of the model codes. The difference in the predictions between the
NON-SMOKER and TALYS codes calls for a further investigation.
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Chapter 7

Summary and Outlook

The 35 neutron-deficient heavy nuclides, so-called p-nuclei, are shielded from the rapid neutron
capture by stable isobars and hence cannot be produced by the neutron capture processes.
These are synthesized from the r- or s- seed nuclei by a combination of (p,γ) captures or the
photon-induced reactions -(γ,n), (γ,p) and (γ,α). The reaction rate predictions for the p-process
flow is mostly from statistical models. The motivation behind this thesis work was to provide
experimental data to test and improve statistical models.
The photon-induced reactions (γ,n), (γ,p) and (γ,α) of 144Sm were investigated via the pho-
toactivation method. The (γ,p) and (γ,n) reactions on 92Mo are included in [Erha09] and the
92Mo(γ, α) experiments are discussed in Chapter 5 of this work. The photoneutron reactions
discussed in this thesis have been studied for the whole region from the neutron threshold to
beyond the top of the giant dipole resonance. The bremsstrahlung endpoint energies for the
measurements range from 9.0 to 15.5 MeV. Special care was taken at each accelerator setting
to measure the bremsstrahlung endpoint energy without relying on the magnetic beam trans-
port elements. The endpoint energies have been measured via the photodisintegration of the
deuteron.
The residual nuclei resulting from photoactivation were studied by γ-ray spectroscopy. A
rabbit system has been used for the decay studies of nuclei with very short half-lives. For the
144Sm(γ,p) and 144Sm(γ,α) reactions, the photoactivation experiments result in decay spectra
with weak counting statistics. Therefore, the decay studies were performed under optimized
background conditions in an underground laboratory (Felsenkeller) in Dresden.
The 144Sm(γ,n) and 197Au(γ,n) reaction yields have been compared to the yield calculated us-
ing cross sections from previous photoneutron experiments. A comparison of the two data sets
leads to a conclusion on the inaccuracies in previous data. The activation yield for all the photo-
disintegration reactions has been compared with theoretical model predictions. For simulating
the photoactivation yield, the Hauser-Feshbach model codes TALYS and NON-SMOKER were
used. The experimental activation yields, in general, agree within a factor of 2 to the sim-
ulated yield using statistical model predictions. A new phenomenological parametrization of
the photon strength function is proposed (see also [Jung08]). For the photoneutron reactions,
the TALYS simulated yield calculated using the modified photon-strength functions describe
the experimental data very well. In addition, the sensitivity of the TALYS code to the nuclear
physics inputs like optical-model potentials, nuclear level densities and γ-ray strength functions
has been discussed. The difference in the model predictions are strongly related to their nuclear
physics inputs and calls for a further investigation.
The experimental data presented here are the very first results for the (γ,p) and (γ,α) photo-
disintegration of p-nuclei. The statistical uncertainties involved are very small except for the
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case of decay spectra with weak counting statistics. The systematic uncertainties are mostly
from the photon flux determination (see Sect. 5.7). The systematic uncertainties involved in the
endpoint energy determination is about 40 keV which plays a significant role only for endpoint
energies close-above the neutron/proton-emission threshold of the photodisintegration reaction
under consideration.
The advantage of the photoactivation experiments at ELBE is the availability of the high intense
photon flux in the energy range up to 18 MeV which makes it possible to study the reactions of
low-cross sections. However, the deduction of cross sections from the activation yield is tedious
since the uncertainties involved in the unfolding procedure are very large.
The major limitation, in general, arises from the fact that the reaction products from the pho-
toactivation are studied from the complimentary β-decays. If the resulting isotope is unstable,
or if the half-life of the daughter nucleus is too long, or if the γ-intensity of the transition is
too small, this method fails. For such cases, an alternative method known as Accelerator Mass
Spectrometry (AMS) could be used. For instance, this highly promising technique is being
used at the Munich Tandem accelerator and at the new facility DREAMS at FZ Dresden-
Rossendorf. At Munich, efforts are being made to study the neutron capture cross sections of
62,63Ni (I. Dillmann et al.) which are of astrophysical importance for the s-process flow. In a
collaboration with our group at FZD, the activation experiment 64Ni(γ,n) has been performed
at the bremsstrahlung facility of the ELBE accelerator. The resulting isotope 63Ni (t1/2 ≈ 100
yrs) is now being studied in Munich.
Another approach to study the photon-induced reactions of importance to the p-process is by
using the synchrotron radiation at the SPring-8 facility in Japan. At SPring-8, the high-energy
part of synchrotron radiation produced by a 10T superconducting wiggler could successfully
mimic the blackbody radiation of temperatures around 1.5 - 4.4 GK, the typical temperatures
for p-process conditions. Simulations based on the statistical model calculations predict that a
noticeable number of γ-induced reactions can be measured at this facility (expected yields for
selected (γ,α) reactions are given in Table 2 of Ref. [Mohr07]). This may help to reduce the
uncertainties of p-process nucleosynthesis calculations.
At ELBE, one of our future plans is to measure the photon-induced reactions of 96Ru, to test the
theoretical predictions for this p-nucleus. Similar to Mo, Ru-isotopes are also underproduced
in the network calculations and experimental studies are highly recommended.
In conclusion, the results presented in the scope of this thesis work are extremely interesting
for the Nuclear Astrophysics community. Further experiments to understand the heavy ele-
ment formation, in general, are being pursued at different parts of the globe. The theoretical
models are being tested and improved with observational astronomical as well as experimental
nuclear physics data. The continuing enthusiasm will certainly keep Nuclear Astrophysics as
a fascinating field of research, revealing the secrets behind the origin and formation of our
universe.



Appendix A

Detector dimensions

A.1 HPGe detectors at photon scattering site

detector d / mm l / mm operating polar distance
bias / V angle to target / mm

#1 Ortec 41-N31587A 79.1 90 -4500 127◦/90◦ 320/280
#2 Eurisys 73615 76.5 86.9 +4500 90◦ 280
#3 Ortec 41-N31569A 78.2 93.1 -4800 127◦/90◦ 320/280
#4 Eurisys 73633 76.7 86.9 +5000 90◦ 280

Table A.1: Specifications of the n-type High Purity Germanium (HPGe) detectors at the photon
scattering site. The diameter and length of the detector crystal are denoted respectively by d
and l.

A.2 HPGe detectors at the counting facilities

detector crystal crystal operating
diameter / mm length / mm bias / V

LC1 Ortec 43-N31529A 68.3 76.7 -4500
LC2 Canberra b-04097 78.5 79 +4500
FK1 DSG PGB:-3010 58.0 61.0 +3500

Table A.2: Specifications of the 90% and 60% detectors (LC1, LC2) used in the low-level
counting setup for decay spectroscopy studies. The properties of the well-type detector with
30% efficiency used at the underground laboratory (Felsenkeller) is also given.
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A.3 Silicon detectors for endpoint energy determination

Det. no U/V I/µA FWHM/keV
at 5486 keV

1 +145 0.04 19
2 +145 0.02 18
3 +145 0.02 23
4 +145 0.03 24

Table A.3: Specifications of the Si-detectors used for recording the proton spectra from deuteron
breakup reaction.



Appendix B

Photopeak efficiency determination

B.1 Calibration standards

For precise measurement of the activation yields at ELBE, it is important to have well-calibrated
detectors for scattering and/or decay measurements. As given in Appendix A, different sets of
detectors are used for the experiments discussed in this thesis - both at the photon scattering
site and at the counting facilities. For calibration, we used the standard sources like 57Co,
226Ra, 133Ba, 54Mn, 65Zn, 137Cs, 60Co and 88Y. The spectrometric properties of the sources are
listed in Table.B.1.

Nuclide half-life/days A0/kBq Eγ/keV p Ci(60%) Ci(90%)
57Co 271.83(8) 3.41(4) 122.06 0.8560(17) 1 1

136.47 0.1068(8) 1 1
226Ra 5.84(3)×105 52.5(26) 186.1 0.0351(6) 1 1
137Cs 1.100(9)×104 25.01(25) 661.66 0.8500(20) 1 1
54Mn 312.15(8) 8.91(7) 834.84 0.999750(12) 1 1
65Zn 243.94(21) 18.40(26) 1115.54 0.5060(22) 1 1
133Ba 3.842(6)×103 38.4(19) 276.398 0.07164(22) 0.9913 0.9910

302.853 0.1833(6) 0.9951 0.9962

356.017 0.6205(19) 0.9956 0.9966

383.851 0.0894(3) 1.0083 1.0070
60Co 1925.3(4) 42.9(17) 1173.237 0.999(3) 0.8187 0.7805

1332.501 0.9998(1) 0.8144 0.7752
88Y 106.63(25) 18.61(19) 898.036 0.940(3) 0.8323 0.7960

1836.052 0.9933(3) 0.8160 0.7790

Table B.1: Spectrometric Properties of the calibration standards as given in the respective
source certificates. The used γ-transitions, half-lives, respective reference activities and photon
emission probabilities are given. The last two columns denote the correction factor due to
coincidence summing for the multi gamma emitting nuclides, for the 60% and 90% detector
respectively.
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The definition for full-energy-peak efficiency is

ε (Eγ) =
Nγ

Ns

=
Nγ

trpA0 exp −∆t
τ

(B.1)

with Nγ = number of counts in the photopeak , corrected for dead-time and pile-up losses and
Ns = number of photons emitted from the source. The other terms describe themselves as ∆t
- time elapsed since calibration up to measurement, A0 - activity of the source on the reference
date, p - branching ratio corresponding to the energy Eγ, τ - the mean lifetime and tr denotes
the real time taken for data run.

B.2 Coincidence summing corrections

For multi-gamma emitting nuclides like 60Co, the coincidence summing corrections has to be
applied. Coincidence summing is a process in which the emission of γ-rays in cascade from the
decay of a single radionuclide occurs within the resolving time of the detector and ends up being
recorded together as a single event. This causes counts to be lost from the full-energy peaks and
the peak areas need to be corrected. The magnitude of the corrections depends on the sample-
detector geometry and the nuclide’s decay scheme. For a simple decay scheme, the calculation
of the correction factor is straightforward and depends on whether it is a ”summing-in” or
”summing-out” correction [Debe01].
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Figure B.1: Decay scheme of 133Ba - energies displayed in keV. The scheme is not drawn to
scale.

For a complex decay scheme like 133Ba, more than one photons are emitted in cascade and
for each cascade the correction factors have to be derived separately. Referring to the decay
scheme given in Fig. B.1, we can group the correction factors for 276 keV (γ6) transition into
two: one which comes out from the ”summing-out” effects due to coincidence of γ6 with γ4 and
with γ2-γ3 cascade and the other factor from ”summing-in” effects due to γ1-γ5 cascade.
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Accordingly, we developed a correction factor for this transition which is given by the expression

1

C6

=

(
1− f64εt4 − f62εt2 − εt3

(1 + α3)

)
·
(

1 +
p1f15ε1ε5

p6ε6

)
(B.2)

with
f64 =

p4

p4 (1 + α4) + p2 (1 + α2)

f15 =
p5

p5 (1 + α5) + p7 (1 + α7) + p9 (1 + α9)

and likewise. Here Ci stands for the correction factor, αi - total internal conversion coefficients,
pi - γ emission probabilities, εi - full energy peak efficiencies and εti - total efficiencies for the
detector used with i = 1,..,9. The correction factors Ci for the corresponding γ-transitions are
given in Table. B.1.
The total efficiencies needed for the coincidence summing corrections were measured with mo-
noenergetic sources and compared with the simulated values. Coincidence summing effects
depend strongly on the decay scheme. For example, the three dominant decay transitions of
196Au used for analysis of the 197Au(γ, n) reaction yield are at 333, 356 and 426 keV. For the
transition at 333keV, the coincidence summing correction amounts to 24% and for 356 keV it
is 6%, both with a relative uncertainty of 5%.
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Appendix C

Photon scattering from 11B

The level-properties of 11B used for scattering studies will be discussed in this section. The
information about the level energy Ex, the angular momentum Jπ

x , the level width Γ were
adopted from the online library of Evaluated Nuclear Structure Data Files (ENSDF) which
refers to the revised Ajzenberg-Selove compilation ([Ajze90]). The correction to be applied for
nuclear self absorption is given in the last column. It is for a 11B target made of pressed pill of
4.5 g boron powder inside cylindrical container which is 20 mm in diameter and has a thickness
of 9 mm.

Ex Jπ
x Γγ(total) Γγ0

Γγ(total)
Cnsac

keV eV % %

2124.693(27) 1/2− 0.120(9) 100 11.8
4444.89(50) 5/2− 0.56(2) 100 17.2
5020.31(30) 3/2− 1.901(554) 85.6(6) 22.8
7285.51(43) 5/2+ 1.141(86) 87(2) 7.5
8920.2(20) 5/2− 4.37(2) 95(1) 15.9

Table C.1: Properties of the levels in 11B used for photon scattering experiments.

The known transitions of 11B given in Table. C.1 were used for energy calibration in the spectra
measured at the photon scattering site. Since the γ-rays are emitted from a recoiling nucleus
their energy is shifted with respect to the transition energy due to the recoil energy and the
Doppler shift. Expressions for Doppler shift and recoil energy are derived from the momentum
and energy conservation laws. Considering the decay of a nucleus of mass M at rest, from an
initial excited state Ei to a final state Ef , Ex = Ei − Ef , the recoil corrected γ-ray energy Eγ

is given by the expression:

Eγ
∼= Ex − (Ex)

2

2Mc2
(C.1)

If the γ-rays are emitted under angles different than 90◦ then their energies change due to the
Doppler shift:

E ′
γ = Eγ · 1

1 + Eγ

Mc2
· (1− cos θ)

(C.2)

where θ is the angle of the detector relative to the beam. The calibration-transition energy is
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transformed to γ-ray energy according to Eqs. (C.1) and (C.2) and used for energy calibration
of the measured spectra.
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At ELBE, the spectra are measured with HPGe detectors at angles 90◦ and 127◦. The γ-
energies Eγ, the angular correlation coefficient W (θ), and the mixing ratio δ is given in the
following table. The mixing ratio is given in Krane-Steffen phase convention.

Eγ(90◦) W (90◦) Eγ(127◦) W (127◦) δ ΠL
keV keV

2124.47(3) 1.000 2124.21(3) 1.000 M1
4443.9(5) 1.000 4442.8(5) 1.000 +0.19(3) M1 + E2
5019.1(3) 0.938 5017.6(3) 1.005 -0.03(5) M1
7282.9(4) 0.931 7279.8(4) 1.006 E1
8916(2) 0.837 8912(2) 1.001 -0.11(4) M1 + E2
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Appendix D

Decay properties of the
photodisintegration targets

Key Daughter t1/2 Eγ/keV p
reaction decay
197Au(γ, n) 196Au(β+)196Pt 6.1669(6) d 333.03(5) 0.229(10)

355.73(5) 0.87(3)
196Au(β−)196Hg 426.10(8) 0.066(3)

144Sm(γ, n) 143Sm(EC+β+)143Pm 8.75(8) m 1056.58(7) 0.019(2)

1173.18(7) 0.004161(544)

1514.98(7) 0.006593(75)

1403.06(7) 0.003496(414)
143Sm IT decay 66(2) s 754.4(7) 0.8988(6)

144Sm(γ, α) 140Nd(EC)140Pr(no γ) 3.37(2) d 1596.11(19) 0.0050(4)
140Pr(β+)140Ce

144Sm(γ, p) 143Pm(EC)143Nd 265(7) d 741.98(4) 0.385(24)
92Mo(γ, α) 88Zr(EC)88Y(unstable) 83.4(3) d 392.9(1) 1

88Y(β+)88Sr

Table D.1: Decay properties of the daughter nuclei stemming from the respective photodis-
integration reactions on Au/Sm/Mo. The first two columns describe the photodisintegration
reaction and daughter decay. The half life of the decay, transition energies and photon emission
probabilities are given respectively in the next three columns. The decay properties were all
taken from the Evaluated Nuclear Structure Data Files of the National Nuclear Data Center
online service [ENDSF].
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