
Fast neutron induced reactions leading to
activation products: selected cases relevant to

development of low activation materials,
transmutation and hazard assessment of

nuclear wastes

Inaugural-Dissertation

zur
Erlangung des Doktorgrades

der Mathematisch-Naturwissenschaftlichen Fakultät
der Universität zu Köln
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(JRC), Institute for Reference Materials and Measurements (IRMM) in Geel, Belgien,
unter Anleitung von Herrn Prof. Dr. Dr. h. c. S. M. Qaim (Abteilung für Nuklearchemie
der Universität zu Köln) durchgeführt.





Abstract

Neutron induced cross sections are of interest for practical applications and for testing
nuclear models. In this work (n,p), (n,np), (n,α), (n,nα), (n,n’γ), (n,2n) and (n,3n)
reactions on vanadium, molybdenum, technetium and lead have been measured in the
energy range of 0.5 to 20.6 MeV using the activation technique . The radioactive reaction
products with half-lives between 58 seconds and 20300 years have been measured offline
via high-resolution γ-ray-spectrometry and Liquid Scintillation Counting, the latter in
combination with radiochemical separation.

Irradiations with neutron energies in the range of 0.5 to 6 MeV were done using
the 3H(p,n)3He reaction with a solid-state Ti/T target while energies between 7.4 and
12.5 MeV were covered with the 2H(d,n)3He reaction utilizing a D2 gas target. Irradiations
in the energy range from 13.4 to 20.6 MeV were performed using the 3H(d,n)4He reaction,
again with a solid Ti/T target. Most of the reactions were investigated using a light mass
setup to minimise scattering effects, but for short half-lives a pneumatic sample transport
system was used as well. A special sample holder was developed for the measurement of
the natMo(n,x)94Nb reaction.

All cross sections were measured relative to the 27Al(n,α)24Na standard cross section
and all necesarry corrections due to the irradiation process and the measurement of the
induced activity have been applied.

Nuclear model calculations were performed for all investigated reactions. For reactions
on 99Tc and Pb the original STAPRE code was used, while for reactions on V and Mo a
modified version STAPRE-H was employed.

As a result of this thesis work an extended database for neutron induced cross sections
on four elements was obtained. It was possible to establish first excitation functions for
reactions on a radioactive target nucleus, one very long-lived product and one purely β−

emitting product. It was found that existing evaluations are not always reliable in the
prediction of unknown cross sections. Although the experimental results of this work
helped to considerably improve the calculations, some deficiencies still exist in case of
complex particle emission (like d,t,α) and second chance emission (n,np) or (n,pn) etc.
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Chapter 1

Introduction

The nuclear sciences started with the discovery of radioactivity by Becquerel [1] in
1896. When Rutherford observed the first nuclear reaction in 1919 [2], the history of
nuclear reactions itself started. The next important step was the discovery of the neutron
by Chadwick in 1932 [3,4]. Due to its electrical neutrality the neutron is able to interact
with a nucleus at close distance and at all energies. It is thus well suited for studies of
nuclear structure and nuclear reaction meachanisms.

Precise nuclear data are required for applications in many disciplines. The most obvi-
ous is the need in the field of nuclear energy, both for future fusion reactors and already
existing fission reactors. As an alternative for deep geological storage of long-lived ra-
dioactive waste and for reprocessing and reuse of U and Pu the transmutation [5, 6] of
long-lived elements into stable or short-lived nuclei is discussed. For this purpose and for
energy production, accelerator-driven systems (ADS) have been proposed [7].

Neutron data for structural materials are needed to estimate the gas-production by
(n,p) and (n,α) reactions, since gas inclusions negatively influence the mechnical stability
and thus the usability time of this materials. The development of low activation materials
as well as decay heat calculations are based on a good knowledge of excitation functions.
All these demands have resulted in a long list of requests, which are collected in the
NEA high priority request list for measurements of activation cross sections [8]. In cases,
where measurements are very difficult or even impossible to do, model calculations are
performed, for which the measured data are important to test the derived parameters.

This thesis deals with the measurement of neutron activation cross sections on the
elements V, Mo, Tc and Pb in the energy region from threshold to 20 MeV. This chapter
describes the basic properties and concepts of nuclear reactions and the possible mea-
surement techniques. An overview of the existing data is given. Chapter 2 gives a more
detailed motivation of the present investigation and Chapter 3 explains the performed
experiments, covering the sample preparation, the performed irradiations and chemical
separations and finally the data analysis. Chapter 4 briefly outlines the basic concepts
of model calculations and in Chapter 5 the experimental results obtained are compared
with model calculations and evaluations. Chapter 6 finally gives a summary of this work.
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1 Introduction

1.1 Basic Properties and Concepts of Nuclear Reac-

tions

1.1.1 Cross Sections and Excitation Functions

A nuclear reaction A(x, y)B occurs, when a projectile x comes sufficiently close to the
target nucleus A, i. e. closer than the range of the nuclear forces (10−14 m). A particle y
is then emitted, leaving a residual nucleus B, which can be either stable, radioactive or
an isomer (see next section). The interaction of the projectile with the target nucleus is
generally described in terms of the cross section σx,y, which is a measure of the probability
for a reaction to occur. The cross section is usually given in barns (1b = 10−28m2) and is
a function of the energy of the incident particle. The plot of σ(E) against E is called the
excitation function.

1.1.2 Isomeric Cross Sections

The first isomer was 234mPa, dicovered by Hahn in 1921 [9]. Isomers are nuclides with
the same mass and proton number, and thus the same chemical properties. They can
be distinguished only by their respective radioactive decay, i. e. the decay mode and the
half-life. The isomeric state decays either via γ-ray-emission to the groundstate, or via
electron capture (EC), β- or α-particle emission to another nuclide. According to Von
Weizsäcker [10] the isomeric state is a long-lived excitated state, whose half-life can be
explained by the spin of the different states. In case of a large spin difference between
ground state and metastable state the isomeric transition (IT) would be forbidden and
would result in a measureable half life. The population of the metastable state depends
on the momentum and energy of the incident particle, i. e. it increases with increasing
energy.

1.1.3 Energetics

The number of nucleons, the charge, energy, momentum, angular momentum, parity and
isospin are preserved. The released energy of a nuclear reaction is the so called Q-Value,
which can be calculated from the nuclide masses Mi and the speed of light c:

Q = (MA + Mx −MB −My) · c2. (1-1)

A positive Q-Value denotes an exoenergetic reaction, while for endoenergetic reactions
the Q-Value is negative. In the latter case the projectile has to deliver the necessary
excitation energy. Taking into account also the conservation of momentum, we obtain the
minimum energy which is required to initiate the nuclear reaction, the threshold energy:

Ethres = −Q ·
(

1 +
Mx

MA

)
, (1-2)

2



1.1 Basic Properties and Concepts of Nuclear Reactions

Table 1.1: Q-Values and reaction thresholds of the investigated reactions on vanadium, molyb-
denum, technetium and lead, calculated with Qtool [11], based on the masses given by Audi

and Wapstra [12]

Nuclear Q-Value Threshold
reaction (MeV) (MeV)
51V(n,n’α)47Sc −10.291 10.495
50V(n,α)47Sc 0.761 0.0
51V(n,α)48Sc −2.058 2.099
51V(n,p)51Ti −1.688 1.722

99Tc(n,n’γ)99mTc 0.0 0.143
99Tc(n,p)99Mo −0.575 0.581
99Tc(n,α)96Nb 3.927 0.0

204Pb(n,p)204Tl 0.019 0.0
204Pb(n,2n)203gPb −8.394 8.436
204Pb(n,3n)202mPb −15.318 17.564
206Pb(n,3n)204mPb −14.820 17.078
206Pb(n,α)203Hg 7.129 0.0

Nuclear Q-Value Threshold
reaction (MeV) (MeV)
92Mo(n,2n)91mMo −12.673 13.407
94Mo(n,2n)93mMo −9.678 12.260
100Mo(n,2n)99Mo −8.290 8.373
92Mo(n,α)89mZr 3.710 0.588
100Mo(n,α)97Zr 2.410 0.0
92Mo(n,p)92mNb 0.426 0.0
94Mo(n,p)94Nb −1.263 1.277
95Mo(n,p)95mNb −0.143 0.384
96Mo(n,p)96Nb −2.404 2.430
97Mo(n,p)97mNb −1.151 1.907
97Mo(n,p)97gNb −1.151 1.164
98Mo(n,p)98mNb −3.803 3.304
95Mo(n,np)94Nb −8.632 8.724
96Mo(n,np)95mNb −9.298 9.631
97Mo(n,np)96Nb −9.226 9.322
98Mo(n,np)97mNb −9.794 10.643
98Mo(n,np)97gNb −9.794 9.900

where Mx and MA are the masses of the projectile and target nucleus, respectively. The
calculated Q-values and reaction thresholds for the investigated reactions are shown in
table 1.1.

1.1.4 Reaction Channels

For a given particle energy different reactions are possible depending on the Q-Values. In
the investigated energy range up to about 21 MeV, these so called reaction channels are, for
example, elastic and inelastic scattering, neutron capture, charged particle emission and
multiple neutron emission. The sum of these partial cross sections is called the total cross
section σT , which can be determined directly via transmission measurements. The shape
of some excitation functions can be explained with these competing reaction channels: a
steep rise near the threshold followed by a plateau and then a decrease at energies, where
other reactions become energetically possible. The contributions of different channels to
the total cross section depend also on the mass region. For heavier nuclei and thus higher
nuclear charge, for example, the emission of charged particles is increasingly suppressed
due to the increasing Coulomb barrier.

3



1 Introduction

Equilibration
cascade

Compound
nucleus

Inelastic scattering

Charge exchange

Pick-up, knock-out, etc.

Compound elastic

Elastic scattering

Evaporation

Shape
elastic

Direct
reactions

Projectile
Pre-compound
emissions

Figure 1.1: Direct, pre-compound and compound nucleus processes in nuclear reactions,
taken from [13]

1.1.5 Reaction Mechanisms

Nuclear reactions may entail three types of reaction mechanisms: direct, compound nu-
cleus and preequilibrium effects. The contribution of these processes depends on the given
reaction and the energy of the incident particle. The three types can be distinguished by
their angular distributions and time scales (Fig. 1.1).

Direct Reactions For projectile energies above 50 MeV and for light target nuclei
(A<30) a direct transition from the entrance to the exit channel occurs within a very
short timescale of about 10−22 seconds, which is roughly the time it takes to traverse the
nuclear field. There is no creation and subsequent decay of a highly excited intermediate
state, which results in an anisotropic and forward-peaked angular distribution. Typical
examples of direct reactions are elastic and inelastic scattering, charge transfer, stripping,
pick-up, and knock-on processes.

Compound Nucleus Reactions Most of the low energy nuclear reactions follow this
mechanism, which was first described by Bohr [14]. The incident particle is captured
to form a highly excited intermediate state C∗, whereby the energy of the projectile is
distributed over all nucleons.

A + x → C∗ → B + y (1-3)

The compound nucleus decays by evaporation of nucleons with a Maxwellian energy
distribution. The emission is symmetric to 90◦ and the interaction time is about 10−14 to
10−18 seconds.

Precompound or pre-equilibrium Reactions On a time scale this process lies be-
tween the direct and the compound nucleus reactions. The particle is emitted before the
energy is evenly distributed over all nucleons, thus giving a smooth forward-peaked angu-
lar distribution. Another characteristic is a pronounced high-energy tail in the excitation
function.

4



1.2 Experimental Techniques

Table 1.2: Characteristics of the online and offline methods for cross section measurements

Spectroscopic method Activation method

online offline
double differential cross sections integral cross sections
particle selective product selective
thin sample required thick sample is possible
product may be stable or radioactive product must be radioactive

1.2 Experimental Techniques

The main subject of this work is the examination of nuclear reactions of the type A(n, x)B,
where B is the reaction product, which can be either stable or radioactive. Two standard
methods commonly used for neutron induced reaction cross section measurements involve
direct (online) detection of the emitted particles x, also known as spectroscopic method
or offline identification of the activation products B, which can take place long after the
actual irradiation experiment. In case of a radioactive product the activation method is
applied, which was the main technique used in this work. An other method is based on the
determination of mass of the reaction product via mass spectrometry (MS) or accelerator
mass spectrometry (AMS), suitable for stable or sufficiently long-lived isotopes. Table 1.2
shows a comparison of the spectroscopic method and the activation method.

1.2.1 Detection of Emitted Particle

This online method involves the measurement of the energy and angular distribution
of the emitted particle, thus resulting in double differential cross section data. A thin
sample is required for measurements of (n,charged particle) reactions, since the ranges of
the emitted particles are rather short. Another drawback is the particle selectivity of this
method. It is not easy to distinguish whether, for example, an emitted proton originates
from an (n,p) or from an (n,np) reaction.

1.2.2 Activation Method

Since the activation method involves the measurement of the radioactive product, it is
not possible to distinguish an (n,np) reaction from an (n,d) reaction, or if it was produced
via several production routes, e. g. 100Mo(n,2n)99Mo or 98Mo(n,γ)99Mo. But in contrast
to the online methods it is possible to use a large sample, which may require further
radiochemical processing of the irradiated sample material.

The yield of a nuclear reaction can be calculated, when the cross section σ and the
neutron flux Φ are known. On the other side, the cross section can be deterimened when
the flux and the yield are measured. The production rate of the nuclide B is given by:

dNB

dt
= σ · Φ ·NA, (1-4)

where NA is the number of target nuclei. It is assumed that this number does not change
during the irradiation and that the flux is constant over time and is the same everywhere

5



1 Introduction

in the sample (thin target). For a radioactive product nucleus NB, also its decay has to
be taken into account, which is given by

−dNB

dt
= λ ·NB. (1-5)

Combining equations 1-4 and 1-5 we obtain:

dNB

dt
= σ · Φ ·NA − λ ·NB. (1-6)

The number of product nuclei after an activation or exposure time te is obtained by
integration of the above equation between the boundaries t = 0 und te:

NB(te) =
σ · Φ ·NA

λ

(
1− e−λte

)
. (1-7)

After a cooling time tc, which is the elapsed time from end of the activation, the induced
activity is given by:

A = −dNB(te)

dt
= λNB(te) = σ · Φ ·NA

(
1− e−λte

)
e−λtc , (1-8)

which is the so called activation formula. Considering a nuclear reaction of the type

A(n, x)B
β−, β+ or EC−−−−−−−−−→ C (1-9)

the cross section is determined by measuring the induced activity of the activation product
B. This is most conveniently done by measuring the γ-rays, following the β decay, via
γ-ray-spectroscopy using HPGe or NaI detectors. In cases were no γ-rays are emitted the
activity has to be determined by β-counting or X-ray spectroscopy. This usually requires
some radiochemical processing of the irradiated sample material, which will be explained
in the next section. If a metastable state is populated, the isomeric cross section can
either be determined by measuring the γ-rays of the internal transition (IT) leading to
the ground state or the γ-rays succeeding the β-decay of the metastable state.

The determination of the cross section for the complex particle emission reactions like
(n,t) or (n,7Be) denote a special case since here the emitted particle is radioactive and can
be measured offline. The radioactive tritium is accumulated and measured via β-counting
after chemical separation [15]. In cases of (n,α)or (n,3He) reactions the accumulated gas
is measured via mass spectrometry [16].

1.2.3 Radiochemical Separations

Occasionally a radiochemical separation of the activation product from the irradiated
sample is required. This can be the case when nuclear reactions with low yields are studied

6



1.2 Experimental Techniques

and thus a large sample has to be irradiated. This would result in a bad counting geometry
and the count rate would be reduced due to self-absorption effects. This is especially a
problem when the activation product does not emit γ-rays, but only β particles or X-rays.
The preparation of a thin sample is mandatory in those cases. Sometimes a short-lived
product has to be separated from a longer-lived matrix activity, which can cause a too
high background, overlapping γ-rays or a too high detector dead time.

The radiochemical separation should have a high chemical yield, provide a good de-
contamination from radioactive impurities and should be reproducible, and fast in case
of a short-lived activation product.

Commonly used radiochemical methods are for example precipitation and crystal-
lization, co-precipitation by adsorption, electroplating, solventextraction, ion-exchange,
HPLC (high performance liquid chromatography) or thermochromatography.

Some of the techniques are briefly outlined below.

1.2.3.1 Co-precipitation and Adsorption

Co-precipitation is based on adsorption of the radionuclide on gelatinous or colloidal pre-
cipitates, which offer a large surface, e. g. Fe(OH)3, Al(OH)3, MnO2, AgBr, BaSO4 or
aluminium silicates. After the precipitation process the precipitate is filtered or cen-
trifuged off, and again disolved. The radionuclide is thereafter separated from the carrier
with one of the above mentioned methods. Co-precipitation is the method of choice when
no carrier added (n.c.a) radionuclides have to be separated from the bulk of target ma-
terial. This is for example the case when a low concentration of a radionuclide has to be
separated from strong matrix activities with a subsequent preparation of a thin sample
for β or X-ray counting.

1.2.3.2 Solvent Extraction

The basic reaction underlying liquid-liquid extraction is the following:

Mn+
aq + nHLorg ⇐⇒ MLn,org + nH+

org, (1-10)

where Mn+
aq is a metal ion in aqueous solution and HLorg the reagent initially dissolved

in the organic phase or the organic phase itself. During the extraction process a product
MLn,org is formed, that is better soluble in the organic phase than in the aqueous phase.
The extraction equilibrium can be described with the following constant:

Keq =
[MLn]org[H

+]naq

[Mn+]aq[HL]norg

(1-11)

The three necessary steps for a liquid-liquid extraction are extraction, scrubbing and
stripping. In the first extraction step the main solute is transfered from the aqueous to
the organic phase, often together with some of the impurities. The impurities are removed
from the organic phase in the scrubbing step, which involves washing of the organic phase
with a new immiscible (aqueous) phase. In the last step the main solute is back extracted
from the organic phase into an aqueos solution.

7
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1.2.3.3 Ion Exchange

Ion-exchange methods can be treated similar to the extraction method. The ions of an
aqueous solution interact with the active groups of an ion exchange resin. Depending
of the charge of these active groups they can pick up either cations or anions. Thus we
distinguish between cation exchangers with active groups like (-SO3)

- or (-COO)- and
anion exchangers with groups like (-NR3)

+. For a typical cation exchange equilibrium,
the reaction can be written as:

nR(SO3)H + Mn+ ⇐⇒ nH+ + R(SO3)nM, (1-12)

where R is the resin to which the active groups are attached. M is the metal which has
to be exchanged against hydrogen H. The eqation represents a chemical equilibrium and
can be shifted to the left or to the right by choosing the appropriate conditions, e. g. the
molarity of the acid which is used as eluent. The equilibrium constant is given by an
equation similar to eq. 1-11:

Keq =
[R(SO3M ][H+]n

[R(SO3H]n[Mn+]
. (1-13)

The exchange procedure consists again of three steps: loading, washing and elution. The
conditioned ion exchange resin is first loaded with the desired metal ion and in a second
step the depleted solution is washed from the resin. In the final elution step the metal
ion is transfered back to the aqueous solution.

1.3 Neutron Sources

Neutrons are available in large amounts in nuclear reactors, since they are emitted during
the fission process. Also the spontanously fissioning nuclide 252Cf can be used as a neutron
source. Another production route involves the interaction of radioactive radiation with
suitable nuclides. A mixture of beryllium and an α- or γ-source of high enough energy
delivers neutrons via the 9Be(α,n)12C or the 9Be(γ,n)2α reaction. Suitable α-emitters are,
for example, the long-lived radionuclides 226Ra or 210Po. We speak then about a radium-
beryllium- or polonium-beryllium-neutron source. These methods produce neutrons with
a continous energy distribution. A continuum or white spectrum neutron source can also
be obtained using an electron accelerator. In this photon neutron source the energy is
continous, since the incident photons are produced through the bremsstrahlung from the
converter. Neutrons with well-defined energies can be identified and selected from the
spectrum by the time-of-flight (TOF) method.

For excitation function measurements monoenergetic neutrons are required. For this
purpose mainly accelerator based monoenergetic neutron sources are employed, which will
be discussed in more detail below.
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1.3.1 Monoenergtic Neutron Source Reactions

A neutron is considered monoenergetic when the energy spectrum consists of a single line
with an energy width that is much less than the energy itself. Most measurements to date
have been done using the “big four” reactions 3H(p,n)3He, 7Li(p,n)7Be, 2H(d,n)3He, and
3H(d,n)4He utilizing cyclotrons or electrostatic accelerators (Van de Graaff accelerators).
Some of the properties of these reactions are summarised in table 1.3. In the case of
D-D and D-T reactions, the large positive Q-values and the low atomic numbers make it
possible to produce high yields of fast neutrons even at low incident deuteron energies.
Another requirement for the high yield is a small energy loss of the projectile in the target
and a high neutron production cross section. Since the 3H(d,n)4He reaction shows a broad
resonance with a maximum value of 5 barns at Ed = 107 keV (cf. figure 1.2) this reaction
allows the production of fast neutrons with energies around 14 MeV already with small
accelerators.

Table 1.3: Comparison of monoenergetic neutron sources, taken from [17]

Reaction Q-value Break up Threshold Monoenergetic neutron
(MeV) reaction (MeV) energy range (MeV)

7Li(p,n)7Be −1.644 7Li(p,n)7Be∗ 2.37 0.12−0.6
3H(p,n)3He −0.763 T(p,np)D 8.35 0.3−7.6
2H(d,n)3He +3.270 D(d,np)D 4.45 1.64−7.75
3H(d,n)4He +17.590 T(d,np)T 3.71 11.74−20.5

T(d,2n)3He 4.92

Usually the desired neutron energy determines which reaction should be chosen. The
last column in table 1.3 shows the range of the monoenergetic neutrons for the four most
commonly used reactions. All these reactions do not strictly produce only monoenergetic
neutrons. Secondary neutrons due to breakup of the projectile or the target nucleus
contaminate the neutron spectrum and can thus lead to too high cross sections. Other
background neutrons are produced by interaction of the incident charged particle with
structural material of the setup, like the beamstop or the target backing. In case of
a D2-gas cell the contributions from these background neutrons can relatively easily be
determined via with gas-in / gas-out measurements. For solid tritium targets a blank
measurement using a non tritium containing dummy target can be performed, but this is
a somewhat more demanding task.

From table 1.3 it can be seen that none of the reactions behave in a monoenergetic way
in the neutron energy range of about 8 to 12 MeV. However, with the precise measure-
ment of the breakup reaction D(d,np)D by Cabral et al. [18] the usable energy range for
the DD reaction could be extended to 12 MeV. A careful choice of the construction ma-
terial, especially of the beam stop [19] helps considerably to further suppress background
neutrons.
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Figure 1.2: Energy dependence of the total cross section for the
2H(d,n)3He and 3H(d,n)4He reactions, taken from [17]

1.3.2 Neutron Spectrum and Flux

1.3.2.1 Neutron Spectrum

Neutrons can be detected indirectly by scattering and absorptive studies. In scattering
reaction, the neutron is determined by using time-of-flight (TOF) techniques. In this
method the time T which the neutron needs to traverse a flight path of length L is
determined. The velocity L/T and thus the kinetic energy of the neutron is given by the
equation:

En =
1

2
mn

(
L

T

)2

. (1-14)

Since these measurements are rather time consuming, it is not practical to perform TOF
measurements for each activation experiment. A more popular method is based on the
measurement of the activity induced in several activated foils. Using different standard
reactions with different excitation functions and, in particular different thresholds, it is
possible to unfold the spectrum. An overview of suitable excitation functions is shown in
figure 1.4. A good knowledge of the excitation functions and the decay characteristics of
the activation products is essential. This solution depends on a once measured neutron
spectrum, which is changing with time due to consumption of tritium and buildup of
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Figure 1.3: Angular distribution of neutron energy and neutron yield for the 3H(d,n)4He
reaction. The calculations were done for four different incident deuteron energies using the

program KINEMA (cf. section 3.3.2)

deuterium (in case of a solid TiT target). These changes in different energy regions are
monitored with the different activation foils and the the actual spectrum can be adjusted.

1.3.2.2 Neutron Flux

The direct measurement of an activation cross section requires a knowledge of the neutron
flux Φ according to equation 1-8. Measurement of the flux for DD and DT reactions on
an absolute scale is possible by means of the associated particle technique [21] to an
accuracy of about 1%. The method makes use of the fact that each neutron produced
via the 2H(d,n)3He or 3H(d,n)4He reaction is accompanied by a 3He or 4He particle,
respectively. Their kinetic properties can be measured by the interaction energy and the
emission angle of the neutron. The neutron flux in the respective solid angle can be
calculated by detecting the associated particle within a well defined recoil solid angle in
a surface barrier detector [22–24] In order to take advantage of the high accuracy of this
method, the geometry has to be defined with at least the same precision, which makes
this technique difficult to use.

Therefore, most nuclear reaction cross section measurements are done relative to a
standard cross section [20], that means using a material and a specific reaction on it,
whose cross section is well established. The cross section is then derived from the ratio of
the measured reaction rate in the sample material and to that in the reference material.
In addition to a good knowledge of the cross section the reference reaction should meet
the following requirements:

➱ a flat response, that means the excitation function does not vary rapidly with
energy and is thus is less sensitive to the correct energy scale,

➱ a proper reaction threshold, i. e. not too close to the energy region where it is
used and sufficiently high to be not too sensitive to contamiations with low energy
neutrons,

➱ sufficiently long half-life compared to the irradiation time in order to enable proper
integration over a time-dependent neutron flux.
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Figure 1.4: Some evaluated cross sections for the reference reactions frequently used in
activation experiments [20]

The most fundamental reference is certainly the hydrogen elastic scattering cross section,
which is the best known cross section over a wide energy range, at least for En < 10 MeV.
But not only the uncertainty of the cross section plays a role, also its implementation.
Due to uncertainties in the efficiency of the counter (telescope) employed to detect the
proton recoils and in the density of the hydrogen atoms in the radiator foil the overall
uncertainty is about 2.5 %.

The neutron flux of fast neutrons can also be determined by the fission reaction
238U(n,f), which is well evaluated up to 20 MeV [20]. The method is implemented by
using a well defined fission deposit and prompt detection of fission fragments by means of
a low-mass ionization chamber [25,26]. Due to its quasithreshold behaviour, the 238U(n,f)
reaction is most useful as a reference in the fast-neutron region (≤ 2 MeV, when the
excitation function reaches its first plateau) being less sensitive to parasitic low energy
neutrons. The main sources of uncertainty involved in this method are the properties
of the thin uranium deposit (mass, thickness, isotopic purity) and the fission fragment
detection efficiency.

The most convenient method to monitor the neutron flux is thus the use of chemically
stable metal monitor foils that can be obtained with sufficient purity and where the
induced radioactivity is easily measured. This method was also employed in this work by
using In, Ni, Nb, Co and Al foils in a sandwich geometry. The evaluated cross sections
used are shown in figure 1.4 and the origin is given in table 3.5, page 28. Evaluated data
sets are produced through the process of critical comparison, selection, renormalization
and averaging of the available experimental data, normally complemented by nuclear
model calculations. Many different evaluations exist for all types of nuclear reactions,
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some of which are EAF-991, JENDL-3.22, JEF3 and ENDF/B-VI4.

1.4 Status of available Cross Section Data for V, Mo,

Tc and Pb Isotopes

A survey of the available cross section data for neutron induced reactions on Tc, Pb,
Mo, and V isotopes showed that most measurements were done in the 14 MeV region.
For some cases no data were available and in other cases the existing data are rather
discrepant. Each element is reviewed below.

1.4.1 Vanadium

The main purpose of the activation studies on vanadium is the determination of the
reaction cross section for the production of 47Sc. A few datasets can be found in the
literature [31–35], since vanadium alloys have long been considered by the reactor comu-
nity for their low-activation properties. Recent comparisons and experiments in various
neutron fields [36–39] pointed out the existing discrepancies.

1.4.2 Molybdenum

Due to the inconvenient half-life of 20300 years of the product 94Nb only two cross section
measurements exist for the 94Mo(n,p)94Nb reaction, both between 14 and 15 MeV neutron
energy. Both Greenwood et al. [40] and Ikeda and Konno [41] used enriched 94Mo and
95Mo samples and could thus subtract contributions from the 95Mo(n,np)94Nb reaction.
However, due to the limited energy range, both measurements could only give a trend;
a full excitation function is not established. For the other reactions to be studied (cf.
table 1.1) in general more data are available, especially in the 14 MeV region. However,
above 15 MeV only a single dataset exists [42].

1.4.3 Technetium

For the 99Tc(n,n’γ)99mTc, 99Tc(n,p)99Mo and 99Tc(n,α)96Nb reactions four experimental
data sets can be found in the literature. All measurements were done in the 14 MeV region
and show some discrepancies. The measurements by Golchert et al. [43] and Qaim [44]
involved a radiochemical separation of the activation product from the radioactive target
material and subsequent β−- or γ-ray counting. The old measurement of Goldstein [45]
and the recent measurement of Ikeda et al. [46] were done in a non-destructive way with
standard γ-ray-spectroscopy.

1European Activation File [27]
2Japanese Evaluated Nuclear Data Library [28]
3Joint European File [29]
4Evaluated Nuclear Data File [30]
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1.4.4 Lead

The main goal in this work is the determination of the reaction cross section for the forma-
tion of 204Tl from natural lead. No experimental data exist for the natPb(n,x)204Tl reaction
except for a single measurement done with a fission neutron spectrum [47]. While there
are no data for the 204Pb(n,3n)202mPb reaction and only one dataset above 20 MeV for
the 206Pb(n,3n)204mPb reaction [48], an extensive dataset exists for the 204Pb(n,2n)203Pb
reaction. However, above 15 MeV only two datasets exist [49,50], which show rather large
uncertainties of 30-50%.
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Chapter 2

Aims and Scope

Most of the reactions to be investigated in this work are listed in the High Priority Request
List of the OECD-NEA Nuclear Science Commitee, together with the demanded accura-
cies. All the reactions lead to radioactive products and are thus measureable with the
activation technique using high resolution γ-ray spectrometry and low-level beta counting
in combination with radiochemical separation. Particular focus should be on V, Mo, 99Tc
and Pb.

As already outlined in the introduction, vanadium is considered as a candidate low-
activation structural material in devices with a hard neutron spectrum, like fusion reactors
and Accelerator Driven Systems (ADS). In ADS systems with an energy range up to a few
GeV, neutrons with energies up to 20 MeV play a significant role with regard to helium
and hydrogen gas production. A good experimental database exists for the 51V(n,α)48Sc
reaction, but not for the natV(n,xα)47Sc reaction. A few datasets exist around 14 MeV,
but for higher energies the experimental results are scarce and discrepant. Recent Bench-
mark irradiations with a hard neutron spectrum for the production of 47Sc showed large
deviations from the values calculated using the EAF-97 library. Calculated/Experimental
(C/E) values of 1.5 or more were obtained depending on the neutron spectrum used. The
aim of this work is to resolve the discrepancies in the data for the natV(n,xα)47Sc reaction
above 14 MeV and to extend the excitation function to lower energies, where no data
exist. As a consistency check the cross section for the 51V(n,α)48Sc and 51V(n,p)51Ti
reactions should also be measured.

Of special interest concerning long-lived radioactive waste is the production cross sec-
tion for the nuclide 94Nb from the structural material molybdenum. It is formed via the
reactions 94Mo(n,p)94Nb and 95Mo(n,np)94Nb. Since the half-life of this isotope is 20300
years, standard irradiation conditions and counting methods can not be used. A special
irradiation setup needs to be developed that would allow the use of as much material as
possible and which would ideally cover several energies in one single long irradiation. The
induced activity could be measured via nondestructive γ-ray spectrometry using the low-
level counting facility in the underground laboratory HADES. In addition a radiochemical
method should be used to separate radioactive Nb from the bulk of Mo in order to reduce
the background activities and to improve the counting geometry. In this case only molyb-
denum of natural isotopic composition can be used, due to the large amount of needed
sample material. On the other hand, an almost complete set of enriched Mo isotopes
is available on loan from JAERI, which could be used to measure the competing (n,p)
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and (n,np) reactions on neighbouring isotopes leading to the same endproduct. These are
the reactions 95Mo(n,p)95mNb and 96Mo(n,np)95mNb, 96Mo(n,p)96Nb and 97Mo(n,np)96Nb,
and 97Mo(n,p)97Nb and 98Mo(n,np)97Nb. In the latter case both the isomeric state and
the ground state could be measured. Special emphasis should be on those energy regions,
where no or only a few datasets exist.

Among the target materials to be be used in this project, technetium denotes a special
case. It has no stable isotope, but is available in large quantities in reactor waste. The
half-life of 99Tc is 2.1 · 105 years. Neutron induced cross sections on 99Tc are of applied
interest for an understanding of neutron transport and gas production in fission fragments
in conventional reactors and ADS. The reactions 99Tc(n,n’γ)99mTc, 99Tc(n,p)99Mo and
99Tc(n,α)96Nb should be studied with the activation technique using nondestructive γ-
ray spectrometry. The reaction 99Tc(n,n’γ)99mTc is difficult to measure due to its very
low threshold und thus high sensitivity to background neutrons. Since the necessary
correction would require a good knowledge of the excitation function, this reaction should
be measured from 0.5 to 20.6 MeV. Special attention needs to be paid to the preparation
and handling of the radioactive target material and to the emitted Bremsstrahlung, which
would cause a high background in the measurement of the induced activities.

The reaction 204Pb(n,p)204Tl is of relevance to gas production and decay heat calcula-
tions in ADS and can only be measured via beta counting, since 204Tl does not emit any
γ-rays. Therefore a method has to be developed to separate the induced Tl activity from
the bulk of target material, which should be high purity lead without or only negligible
amounts of Tl impurities. In addition some (n,xn) reactions on 204Pb and 206Pb relevant
for neutron transport and the 206Pb(n,α)203Hg reaction relevant again for gas production
should be measured via standard γ-ray spectrometry.

All measured excitation functions should be compared with existing evaluations and
nuclear model calculation performed with the code STAPRE for reactions on technetium
and lead and with a modified version STAPRE-H95 for reactions on vanadium and molyb-
denum.
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Chapter 3

Experimental Methods

3.1 Samples

3.1.1 Vanadium

Samples consisted of natural vanadium with an isotopic composition of 0.250(4) % 50V
and 99.750(4) % 51V [51]. The samples were prepared by punching discs of 10 and 13 mm
diameter and 350-450 µm thickness from metallic vanadium sheets. One to four of those
were sandwiched between two monitor foils.

3.1.2 Molybdenum

Due to the very long half-life of 94Nb (T1/2 = 20300 y) a fairly large sample and a
long irradiation time were needed to produce enough 94Nb-activity. The thickness of
the sample was chosen as a compromise between maximum sample mass and minimum
self-absorption expected in a non-destructive γ-ray-spectrometric measurement. For a
thickness of 14 mm about 50% absorption is estimated. The sample material, supplied by
Advent1, was arranged around the neutron source in a special geometry, which allows a
simultaneous irradiation with three different neutron energies, thus considerably reducing
the necessary beam time. The complete sample was subdivided into three parts: the first
one contained 7 disks of 5 cm diameter and 2 mm thickness, which were irradiated under
0◦. The rest was arranged in a 2-ring-geometry, each ring containing 49 squares of 24 mm
side-length and 2 mm thickness, 7 stacked together at a time. The total mass of the
sample was 1488.2 g. A detailed view of the irradiation and counting geometry is given
in Figure 3.1. Al, Nb, Ni and Co monitor foils were inserted in two stacks of each ring
and in the front disk in order to monitor the intensity of the neutron flux and its gradient
within the sample. The position of the beam was checked by attaching small Co foils of
10 mm diameter to each stack of the first ring and measuring the activity distribution.

In addition to the natural samples, a set of enriched isotopes was also irradiated.
They were borrowed from JAERI-Tokai-mura2 and made by wrapping about 50 mg of
the enriched metal in small paper envelopes of 1 cm2 size. The isotopic composition of

1Advent Research Materials Ltd., Oakfield Industrial Estate, Eynsham·Oxon, England OX8 1JA
2Japanese Atomic Energy Research Institute, Tokai-mura, Japan
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Figure 3.1: Sketch of the used Mo-target: (a) the front view shows the front disc and the
first ring (b) a part of the second ring is not shown in order to allow a view on the beam

line (c) counting geometry for the 1st and 2nd ring

the used samples is shown in Table 3.1.

Table 3.1: Isotopic composition of enriched and natural Mo samples

sample 92Mo 94Mo 95Mo 96Mo 97Mo 98Mo 100Mo

natural samplea

natMo 14.84(35) 9.25(12) 15.92(13) 16.68(2) 9.55(8) 24.13(31) 9.63(23)

enriched samplesb

92Mo 97.37(10) 0.68(5) 0.52(5) 0.37(5) 0.18(5) 0.40(5) 0.50(5)
94Mo 0.71(5) 92.03(10) 5.18(10) 0.83(5) 0.40(5) 0.67(5) 0.19(5)
95Mo no enriched sample available
96Mo 0.18(3) 0.20(5) 0.93(5) 96.76(10) 0.96(5) 0.80(5) 0.17(3)
97Mo 0.22(5) 0.24(5) 0.59(5) 1.34(5) 94.25(10) 3.07(10) 0.30(5)
98Mo 0.32(2) 0.22(2) 0.45(2) 0.59(2) 0.69(2) 97.18(10) 0.55(2)

100Mo 0.53(3) 0.18(3) 0.29(3) 0.34(3) 0.28(3) 0.96(5) 97.42(5)

a isotopic composition taken from [51]
b isotopic composition taken from datasheet received from JAERI

3.1.3 Technetium

Thin 99Tc-samples were prepared at the Institute für Nuklearchemie, Forschungszentrum
Jülich, by pressing about 0.5 g of the metal to disks of 13 mm diameter. The purity of
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the material was checked by γ-ray-spectroscopy, which showed a negligible impurity of
98Tc (T1/2 = 4.2 · 106 y) at the ppm level. Aluminium containers with a wall thickness of
0.2 mm (0.4 mm on the cylindrical side) were used to guarantee mechanical stability of the
samples and to prevent contamination of the environment with the radioactive material.
The capsules were further sealed in polyethylene bags (0.2 mm thick).

3.1.4 Lead

The reactions on Pb isotopes were studied using both lead of natural isotopic composition
and enriched 206Pb as sample material. Since the isotopic composition of natural Lead
varies over quite a large range [51], depending on age and origin [52], an isotopic analysis
of the sample was performed by the IRMM Isotopic Measurement Unit. A comparison
of the obtained results is shown in Table 3.2 together with the representative values.
Special attention had to be paid also to the Tl-impurity of the sample, since the product
of interest 204Tl can not be formed only via the (n,p)-reaction on 204Pb but also via the
205Tl(n,2n)-reaction. Assuming a cross section of 2000 mb for the latter and about 50 mb
for the desired reaction, already a Tl-content of 10 ppm would contribute 50 % to the
produced 204Tl-activity. The natural lead was supplied as metal rods by Advent3 with a
certified Tl impurity below the detection limit of 0.1 ppm. The rods were rolled down to
about 0.5 mm and then punched to disks of 13 mm diameter.

The enriched 206Pb was supplied by Chemotrade4. About 100 mg metal was centered
in a cardboard ring of 13 mm outer diameter and 5 mm inner diameter and fixed with
adhesive tape.

Table 3.2: Isotopic composition of different lead samples
204Pb 206Pb 207Pb 208Pb

natural rangea 1.65-1.04 27.48-20.84 23.65-17.62 56.21-51.28
representativea 1.4(1) 24.1(1) 22.1(1) 52.4(1)
our sampleb 1.284(20) 27.12(26) 20.49(17) 51.11(24)
enriched 206Pbc - 94.00 4.04 1.96
ataken from [51]
bmeasured with ICP-MS by IRMM, Isotopic Measurement Unit
cgiven by the supplier

3.1.5 Monitor Foils

In, Ni, Al, Fe, Co, and Nb foils of 50-250 µm thickness and 13 mm diameter were used
as reference samples (supplied by Goodfellow and Advent) and attached to the front and
the back of the samples in a symmetric fashion. In cases of somewhat larger samples,
additional monitor foils were inserted in the stack to monitor the flux gradient in the
sample

3Advent Research Materials Ltd., Oakfield Industrial Estate, Eynsham·Oxon, England OX8 1JA
4Chemotrade Chemiehandelsgesellschaft mbH, 40239 Düsseldorf, Germany
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Figure 3.2: Sketch of deuterium gas target used at the CV-
28 Cyclotron in Jülich, taken from [53]

3.2 Irradiations

Depending on the desired neutron energy three different neutron producing reactions and
experimental setups were used.

Irradiations with neutron energies in the range of 0.5 to 6 MeV were done using
the 3H(p,n)3He reaction (Q=-0.764 MeV, PT neutron field) with a solid-state Ti/T tar-
get while energies between 7.4 and 12.5 MeV were covered with the 2H(d,n)3He reac-
tion (Q=3.269 MeV, DD neutron field) utilizing a D2 gas target. Irradiations in the
energy range from 13.4 to 20.5 MeV were performed using the 3H(d,n)4He reaction
(Q=17.59 MeV, DT neutron field), again with a solid Ti/T target. A detailed description
of the different setups is given below.

3.2.1 DD Neutron Field: D2 Gas Target

At the Forschungszentrum Jülich, the variable energy Compact Cyclotron CV 28 was
used to produce quasi-monoenergetic neutrons in the above mentioned energy range. A
detailed description of the system, which is shown in Fig. 3.2, is given by Qaim et
al. [53]. A collimated deuteron beam with energies between 5 and 10 MeV and a current
of 4µA enters the gas cell via the 5.3 µm niobium foil, loses energy in this window and the
deuterum gas and is finally stopped in the air cooled beam stop, made of tungsten [19].
The cell is made of 1 mm thick brass and has the dimensions of 3.7 cm in length and 4 cm
diameter, filled with deuterium gas of 1.8 bar pressure. The target is insulated against the
beam line and the integrated charge is recorded for each individual irradiation. Since the
gas pressure and the current were largly stable during the irradiation, a constant neutron
flux was assumed. The deuteron energy was measured by a time-of flight technique [54].
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Figure 3.3: Sketch of the light mass setup target used at the Van de
Graaff accelerator in Geel. A long counter is positioned at a distance of

6 m under an angle of 45◦.

The samples were mounted together with the reference foils at 1 cm distance from
the back of the beam stop using a scaled sample holder, which garanteed reproducible
positioning of the sample. All irradiations were done at 0◦ direction relative to the incident
beam. In order to be able to correct for background neutrons from the interaction of the
deuterons with structural materials (entrance window, beam stop, cell, wall, etc.), two
irradiations were necessary for each energy. One was performed with a filled cell (gas in)
and one with an empty cell (gas out), but otherwise exactly the same geometry and beam
conditions. A detailed description of this method can be found in [55].

3.2.2 PT and DT Neutron Field: Solid State Ti/T target

3.2.2.1 Setups

Depending on the half-life of the activation product under consideration, two different
setups were used. Short irradiations involving half-lives between 1 and 5 minutes were
done with a pneumatic sample transport system (“rabbit system”). For longer half-lives a
light mass setup was used, that allows to place the samples at various angles and distances

The light mass setup Irradiations were performend at beam line L3 of the 7 MeV
Van de Graff accelerator in Geel using a solid state Ti/T target. The target consists of
a 1.923 mg/cm2 Ti layer which is deposited on a 0.5 mm silver backing for good heat
conduction. Tritium is diffused into the Ti layer at high temperatures until it is saturated
at a value of 1.7 T atoms per Ti atom. This target is wobbled and cooled with a jet
of compressed air to further aid in the dissipation of heat (<50 W). The energy scale
is calibrated with an uncertainty of ±5 keV via a nuclear magnetic resonance system
inserted in a 90◦ bending magnet, using well-known reaction thresholds and resonances.
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For most irradiations a special designed light mass setup was used, which is shown
in Figure 3.3. It consists of an Al ring of 18 cm diameter, which was mounted with it’s
center 10 cm above the nominal neutron source [56]. The samples were suspended from
this ring using small Al sample holders. This setup allowed simultanous irradiations of
several samples under different angles with respect to the incident deuteron or proton
beam. Typical beam currents for all irradiations varied between 5 and 20 µA. For the
determination of the production cross section for 94Nb a special sample holder was con-
structed, which is shown in Fig. 3.1 (a) and (b). The fluctuations in the neutron flux
were always monitord with a long counter operated in multichannel scaling mode (MCS).
In addition to that the integrated beam current was recorded with a charge integrator.

The Pneumatic Tube System This setup uses the same neutron producing target
system as the light mass setup described before, but on beam line R3 of the accelerator.
A schematic diagram of the entire setup is shown in Fig. 3.4. The samples are placed in a
small PVC container (the “rabbit”) using a lucite disk on the front side and a styrofoam
plug on the back side (see Fig. 3.5). This ensures reproducible and secure positioning of
the sample in the container. This container is then propelled through a stiff but flexible
polyethylene tube (20 m long, 4 cm diameter) towards the target using compressed air
and stopped by two steel wires. A commercial vacuum cleaner is used to retrieve the
rabbit from the target. The last part of the tube is made of transparent lucite to permit
a check of the sample-target distance with a video cammera. Either a Bonner sphere or
a portable long counter was placed near the target and operated in multichannel scaling
mode (MCS). One purpose was the monitoring of the neutron flux fluctuations during the
irradiation. It also served as a reference fluence monitor, since the irradiation times were
usually too short to build up enough activity in any monitor foil. For each given incident
deuteron energy a longer irradiation of Al, Fe, and Nb foils was performed to calibrate
the neutron detector.

PT Source Reaction For measurements in the threshold region of the 99Tc(n,n’γ)99mTc
reaction the 3H(p,n)3He reaction was used to produce neutrons with energies between
0.5 and 6 MeV. The samples were mounted together with indium monitor foils un-
der 0◦ at a distance of 20-30 mm. Incident proton energies varied between 1.5 and
6.8 MeV. Above 5 MeV a significant increase in background neutrons was observed. This
is most likely due to proton-induced reactions on the backing material, e. g. 48Ti(p,n)48V
(Q = −4.795 MeV). Therefore, for proton energies of 5.8, 6.3, and 6.9 MeV a second
irradiation was performed with a similar target that did not contain any tritium. The
recorded beam current served for normalization of the runs with and without tritium in
the neutron producing target. A long-counter was used to monitor the fluctuations of the
neutron flux.

DT Source Reaction The majority of the irradiations was done with incident deuteron
energies of 1, 2, 3, and 4 MeV under 0◦ and a sample-target distance of 1 to 2 cm. This
results in neutron energies ranging from 16.3 to 20.6 MeV. For energies between 13.4
and 16.3 MeV the angular distribution of the DT neutron source [58] was used with
1 MeV incident deuterons. The samples were mounted at angles between 60 and 120◦
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Figure 3.4: Schematic drawing of the pneumatic sample-transport system, taken from [57].

and a distance of 3.5 cm to the center of the target. The larger distance was due to the
wobbling of the target can.

3.3 Neutron Fields

3.3.1 DD Neutron Field

Neutron Spectra The Monte Carlo program neut hav [59,60] was used to calculate
the average neutron energy and the neutron spectrum for each sample in the DD neutron
field. This code takes into account the energy loss, energy spread, and angular straggling of
the deuterons in the entrance window of the cell, the neutron production within the volume
of the gas cell, the angular distribution of the 2H(d,n)3He reaction [58], the breakup of the
deuterons in the D2 gas according to the results from [18], and the activation geometry.

The code calculates the average neutron energy and its uncertainty for each sample
in the neutron field as well as the neutron spectrum for both the monoenergetic part and
the breakup part of the spectrum. The spectra for the used incident deuteron energies
are shown in part (b) of Figure 3.6.
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Figure 3.5: Schematic drawing of the transport-capsule (rabbit)
in irradiation position.

Background Subtraction The advantage of a gas-target is the possibility to perform
irradiations with or without gas filling. This allows to subtract the contributions to the
neutron flux which stem from interactions of the incident deuteron beam with structural
material. The correction factor cback is given by

cback = 1− Fout · qin

Fin · qout

. (3-1)

Here q is the beam current integrated over the irradiation time and F is the molar reaction
rate, which will be explained later (see Eq. 3-25, page 44). The indices refer to the gas-in
or gas-out runs, respectively. Depending on the threshold and the shape of the excitation
function the corrections could be rather substantial (cf. Table 3.3)

Breakup Correction While a proper choice of the structural materials for the entrance
window and the beam stop as well as the quality of the deuterium gas help to obtain a

Table 3.3: Correction factors for background neutrons

Reaction Incident Deuteron Energy (MeV)
9.91 9.04 8.10 6.90 5.94 4.81

Monitor reactions:
115In(n,n’γ)115mIn 0.70(2) 0.71(2) – – – –
58Ni(n,p)58Co 0.83(1) 0.83(1) – – – –
27Al(n,p)27Mg 0.78(1) 0.88(1) 0.92(1) 0.91(1) 0.94(1) 1
27Al(n,α)24Na 0.90(1) 0.97(1) 0.97(1) 0.96(1) 0.99(1) 1
other:
99Tc(n,n’γ)99mTc 0.47(3) – 0.73(2) 0.71(2) 0.86(1) 0.93(1)
99Tc(n,p)99Mo 0.94(2) 0.97(1) – – – –
99Tc(n,α)96Nb 0.95(1) 0.98(1) – – – –
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Figure 3.6: (a) Evaluated standard cross sections for the used reference reactions,
taken from Refs. [61,62] (b) Neutron spectra calculated with the code neut hav [59]
for incident deuteron energies between 5 and 10 MeV on the D2 gas target at the
Compact Cyclotron CV 28 at FZ Jülich (c) Neutron spectra for the Ti/T target at
the Van De Graaff accelerator in Geel. The spectra were measured via TOF for 2,

3, and 4 MeV deuteron energy
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Table 3.4: Correction factors for low-energy neutrons from the deuteron breakup

Reaction Incident Deuteron Energy (MeV)
9.91 9.04 8.10 6.90 5.94 4.81

Monitor reactions:
115In(n,n’γ)115mIn 0.246(12) 0.371(15) 0.557(16) 0.782(10) 0.964(4) 1
58Ni(n,p)58Co 0.564(20) 0.701(18) 0.856(11) 0.965(4) 1 1
27Al(n,p)27Mg 0.844(13) 0.936(7) 0.984(2) 1 1 1
27Al(n,α)24Na 0.9995(1) 1 1 1 1 1
other:
99Tc(n,n’γ)99mTc 0.26(4) – 0.54(5) 0.76(4) 0.97(1) 1

clean neutron spectrum, background of the breakup reaction D(d,pn)D (Q=-2.224 MeV)
is unavoidable [63].

The necessary correction factor cbreakup can be calculated using the simulated neutron
spectrum and the shape of the excitation function:

cbreakup = 1− Abreakup

Atotal

= 1−
∫ Ebreakup

max

0
σ(E) · Y (E) · dE∫ Emax

0
σ(E) · Y (E) · dE

, (3-2)

where Y (E) is the relative yield of neutrons with the energy E and σ(E) the cross section
at this energy for the reaction under consideration. For the standard reaction the cross
sections were taken from evaluations and for the cross section to be determined either from
model calculations or estimated from measured data in energy regions where the breakup
was still neglegible. The integrals were solved numerically by interpolating the neutron
spectrum and the excitation function to the same energy grid. And as for the background
subtraction, depending on the threshold and the shape of the excitation function the
corrections could be rather substantial (cf. Table 3.4).

3.3.2 PT and DT Neutron Fields

Neutron spectra For both the PT and the DT neutron fields the program kinema
was used to calculate the neutron energy E(θ) and yield Y (θ) at a given nominal angle
θ. This program uses the cross section evaluation of Liskien et al. [58] and the stopping
powers of Andersen and Ziegler [64]. The mean energy E of a sample is calculated in
the following way:

E =

∫ θmax

0
E(θ)Y (θ)θdθ∫ θmax

0
Y (θ)θdθ

, (3-3)

where θmax denotes the maximum angle under which the neutrons strike the sample. For
this angle and for 0◦ the energy and yield are calculated with the code kinema. Based
on these values the angular dependence of neutron energy and yield were approximated
with quadratic equations:
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E(θ) = E(0)(1 + aθ2) and Y (θ) = Y (0)(1 + bθ2), (3-4)

respectively. From this the two unknowns a and b can easily be derived and one finally
obtains the mean energy:

E = E(0)
1 + 1

2
(a + b)θ2

max + 1
3
abθ4

max

1 + 1
2
aθ2

max

. (3-5)

For the uncertainty calculation the following expression was used:

< E >2=

∫ θmax

0
(E(θ)− E)2Y (θ)θdθ∫ θmax

0
Y (θ)θdθ

. (3-6)

For samples which were irradiated under an angle, like Tc and V, and for the massive Mo
sample the Monte-Carlo Code MCNP [65] was used to calculate the spectra and thus
the mean energy of the neutron impinging the sample. It takes into account the proper
source description, the target can and the sample geometry including the holder. Taking
into account the shape of the excitation function in a similar way as decribed for the
breakup correction (cf. eq. 3-2) the multiple scattering corrections are obtained. They
are only significant for low threshold reactions like 99Tc(n,n’γ)99mTc, 115In(n,n’γ)115mIn,
and 58Ni(n,p)58Co, for which the correction factor cscattering can be up to 0.86 for incident
deuteron energies of 4 MeV. For reactions with higher thresholds the corrections are
negligible.

Figure 3.7 shows the distribution of the neutron flux as calculated for the large Mo
sample. For each part of the sample three curves are shown, each representing the flux
at the monitor position. The positions for the front disk are indicated in Figure 3.12.
The neutron flux for the Mo samples was also obtained from the calculation, but is not
shown in the plot to keep it more clear. It anyway coincides with the results for the center
monitor. It can be seen that the flux decreases with distance from the neutron target.
Since the mean angle is different for the monitor foils inserted in the rings, also an energy
shift can be observed. The mean energy in the monitor foils of the front disk depends on
the opening angle: for the outer monitor, which is farthest away the opening angle is the
smallest and thus the mean neutron energy is the highest. The structure seen for the 2nd

ring is not physical, but a result of the description of the neutron source. The neutron
yield was calculated for a limited number of angles. Calculations for more angles would
have given a smoother curve.

Background Subtraction For the DT neutrons time-of-flight (TOF) measurements
of the neutron spectrum were performed for incident deuteron energies of 2, 3, and 4
MeV (see Fig. 3.6) to study the contribution of low-energy neutrons in detail. Earlier
Measurements showed that contributions of low energy neutrons could be neglected for
1 MeV deuterons (See also [57]). A comparison of various spectra showed that the neu-
tron spectrum changes from target to target and that the contributions from background
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Figure 3.7: Neutron flux distribution in the large Mo sample, calcu-
lated with MCNP.

Table 3.5: Decay data (taken from [67]) and references of the used standard reactions

Nuclear Half life Q-Value Eγ Intensity Reference to
Reaction of Product (MeV) (keV) (%) Excitation Function
115In(n,n’γ)115mIn 4.486(4) h 0 336.24 45.8(22) Smith et al. [61]
58Ni(n,p)58Co 70.86(7) d 0.401 810.78 99.45(1) ENDF/B-VI.6 [30]
27Al(n,p)27Mg 9.458(12) m −1.818 843.76 71.8(4) ENDF/B-VI.6 [30]
56Fe(n,p)56Mn 2.5749(1) h −2.913 846.75 98.9(3) ENDF/B-VI.6 [30]
27Al(n,α)24Na 14.9590(12) h −3.133 1369 100 Wagner et al. [62]
93Nb(n,2n)92mNb 10.15(2) d −8.831 934.44 99.07(4) Wagner et al. [68]
59Co(n,2n)58Co 70.86(7) d −10.453 810.78 99.45(1) ENDF/B-VI.1 [30]

neutrons increase with time, due to tritium consumption and deuterium buildup. Since it
is not practical to perform TOF measurements for every new experiment, a spectral index
method was employed. This constitutes the use of a set of standard reactions with differ-
ent excitation curves and, in particular, sufficiently different thresholds in order to help
fix the actual low-energy neutron contributions. Figure 3.6 shows that the neutron flux
may be divided in different groups according to their energy. The contributions of these
different groups to the total observed flux were adjusted for each irradiation using the
observed total molar reaction rates of the standard reactions. Since often the number of
groups exceeds the number of useful monitor foils, a generalized least squares method [66]
was employed that takes the results of the TOF measurements as the so-called prior val-
ues. The applied method guarantees that the peak-flux obtained from different monitor
foils agrees within the uncertainties.
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Figure 3.8: Neutron flux of the irradiation performed for the natMo(n,x)94Nb cross section
measurement. The total irradiation time was 410 h with an average beam current of 4 µA.
Taking into account the interruptions and maintenance breaks, an effective irradiation time

of 110 h with a mean beam current of 15 µA is obtained.

3.3.3 Fluctuations in the Neutron Flux

The basic activation formula (Eq. 1-8, page 6) assumes a constant neutron flux during
the time of irradiation. Due to fluctuations in the proton or deuteron beam intensity it is
not always the case. Depending on the time profile of the flux fluctuations and the half-
life compared to the irradiation time, the corrections can be rather substantial. For the
irradiations in Geel the neutron flux was monitored directly using either a long counter
or a Bonner sphere, operated in multichannel-scaling acquisition mode (MCS). The dwell
time ∆t was set according to the planned irradiation time and varied between 1 sec and
5 min. Figure 3.8 shows an example of a recorded MCS spectrum. Additionally the beam
current was recorded using a charge integrator, which was the only possibility in Jülich.

The correction factor cflux for flux fluctuations can be calculated from the ratio

cflux =
Φ · (1− e−λti)∑n

i=1 Φi · (1− e−λ∆t) · e−λ(n−i)∆t
, (3-7)

where Φ is the mean flux of the irradiation, Φi the flux at the time bin i, n the number
of total time bins, ti the irradiation time and ∆t the dwell time of the MCS.
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3.4 γ-Ray Spectroscopy

Standard γ-ray spectroscopy was employed for the measurement of the radioactivity. Due
to its very low count rate the 94Nb activity was measured in the underground laboratory
HADES, which will be explained in section 3.4.6, page 38.

3.4.1 Data Acquisition

In total five lead-shielded HPGe detectors were used for the off-line measurement of the
radioactivity, two (No. 6 and 8) in Jülich, and three (No. 1, 2, and 4) in Geel. They were
connected to personal computer data aquisition systems via separate analog-to-digital
converters (ADC). The detectors in Jülich were controlled with the program Gamma-
vision (EG&G Ortec), whereas in Geel the S100 software (Canberra) and the Maestro
software (EG&G Ortec) were used.

In order to obtain maximum count rates and thereby reasonable counting statistics,
the monitor foils were placed directly on the detector cap and fixed with adhesive tape.
Most of the samples were counted in the same way, but for the Pb and Tc samples special
geometries were chosen.

In the case of Pb this was not always possible, since the self-absorbtion was too high
for some γ-rays, e.g. the 279 keV line from 203gPb (cf. Table 3.6). For irradiation 12
disks of 10 mm diameter or 7 disks of 13 mm were used in a stack, but for the γ-ray
spectroscopy they were placed in one layer next to each other on the detector cap.

The Tc samples could not be counted directly on the detector cap, since the Brems-
strahlung caused high dead time of the detector. Measurements of the 99Mo yield via
the 739.5 keV γ-ray and 96Nb yield via the 569.9 keV γ-ray were possible by inserting
a 2 mm Pb sheet between the sample and the detector. The lead sheet suppressed the
Bremsstrahlung sufficiently without a substantial reduction of the detection efficiency.
The strongest γ-ray line of 96Nb (778.2 keV, see Table 3.6) was not used, since it overlaps
with the 777.9 keV γ-ray of 99Mo. The yield of 99mTc was measured via the 140.5 keV
γ-ray at 20 or 30 cm distance without lead absorber (Jülich) or at 7.5 cm with only 1 mm
of lead to shield the detector (Geel). This activity was measured directly after end of
irradiation to avoid buildup of additional activity via the decay of 99Mo.

3.4.2 Spectrum Analysis

The spectra recorded with the Maestro and Gammavision software were in both cases
analysed with Gammavision. The peaks are marked with a region of interest (ROI),
including a few channels to the left and the right of the peak. The program calculates
the background based on the first and last three channels of the ROI and substracts it
from the gross count rate to obtain the net peak area. The program Gamma-W5 [69] was
used to analyse the γ-spectra measured in Geel. The program calculates the background
in a marked region. The peaks on top of this background are then fitted with a Gaussian
function by a least-squares method.

5Dr. Westmeier, Gesellschaft für Kernspektrometrie mbH, Ebersdorfergrund-Mölln, Germany
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3 Experimental Methods

Table 3.7: Decay properties of the γ-ray standard sources, taken from [67]

Nuclide T1/2 Eγ (keV) Intensity (%)
241Am 432.2(7) a 59.54 35.9(6)
109Cd 461.4(12) d 88.03 3.7(1)
57Co 271.74(6) d 122.06 85.60(17)

136.47 10.68(8)
139Ce 137.640(23) d 165.85 79.886(15)
113Sn 115.09(03) d 391.70 64.97(17)
85Sr 64.83(4) d 514.01 96.(4.)

137Cs 30.07(3) a 661.66 85.1(2)
54Mn 312.11(5) d 834.85 99.976(1)
65Zn 244.26(26) d 1115.55 50.60(24)
60Co 5.2714(5) a 1173.24 99.9736(7)

1332.50 99.9856(4)

3.4.3 Detector Efficiency and Energy Calibration

Peak Efficiency Since the peak count rate in the the γ-ray spectrum is used to deter-
mine the activity of the sample, the photopeak detection efficiency for the same counting
geometry is required. For this purpose and for the energy calibration of the detector
several calibrated single and multi γ-ray point sources supplied by PTB6 and DAMRI7

were used. In the case of 60Co where two photons are emitted in cascade, summing out
corrections were applied (see section 3.4.5). The decay properties of the used sources are
summarized in Table 3.7.

For each γ-ray energy Eγ and source-detector distance x the photopeak efficiency εph

was calculated using the following equation:

εph(x,Eγ) =
Yph(x,Eγ)

A0 · bγ · e−λt
, (3-8)

where Y (x,Eγ) is the number of measured γ-rays with the energy Eγ at the given distance,
A0 is the activity of the source at time of standardization, bγ is the γ-ray branching factor,
λ the decay constant and t the elapsed time since standardization.

The following analytical function, proposed by Jäckel et al. [70] was used to fit the
energy dependence of the photopeak efficiency for each used measurement distance:

ln ε(Eγ) =
(
a1 + a2 ln Eγ + a3 ln E2

γ

) · 2
π
· arctan

(
exp

{
a4 + a5 ln Eγ + a6 ln E2

γ

})− 25.

(3-9)

Total Efficiency The total efficiency εt is defined as the ratio of the number of pulses
recorded in the entire spectrum to the number of photons emitted from a source [71].

6Physikalisch Technische Bundesanstalt, Braunschweig, Germany
7Departement des Application et de la Metrology des Rayonnements Ionisant, 91193 Gif-sur-Yvette
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Figure 3.9: Photopeak and total efficiency of detector Geel-4 for the contact position and for
position 5 (7.1 cm source-detector distance). Also shown is the effect of inserting Pb sheets of 1
or 2 mm thickness between source and detector, which was necessary for the Tc measurements.

The solid lines represent a fit to the measured data, calculated with Eq. 3-9.

The calculation of the total efficiency can be done similar to the peak efficiency:

εt(x,Eγ) =
Yt(x,Eγ)

A0 · bγ · e−λt
, (3-10)

but this time using the total count rate Yt in the spectrum, which has to be extrapo-
lated to zero keV γ-ray energy and corrected for natural background. The single γ-ray
emitters listed in Table 3.7 were used for this calibration. 57Co, which emits two photons
with energies close to each other, was also used, but the sum of the individual emission
probabilities was inserted in equation 3-10 and εt was assigned to the mean energy, i. e.
129.3 keV. The obtained data were fitted with the same analytical function as the peak
efficiency (3-9).

Radial Efficiency The correction for extended sources (see next section) also requires
the knowledge of the radial efficiency of the Ge detector. It was determined by measuring
a standard point source at an off center distance r and calculating the peak efficiency
εph(r) for this position. Figure 3.10 shows the ratio of the measured efficiencies for a
54Mn point source. The data were fitted with a 4th order polynominal function.

3.4.4 Efficiency Corrections for Extended Sources

Since the above efficiency calibration was done with point sources, corrections are needed
for the extended samples used in the irradiations. These corrections include self-absorption
in the sample, inhomogeneity of the activity due to the neutron flux gradient and both
the distance and the radial dependence of the efficiency.
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Figure 3.10: Radial dependence of the detector efficiency
(Geel-4), measured with a 54Mn standard source (834.9 keV)

at contact position.

Photon Absorption Assuming a homogeneous distribution of both the attenuating
material and the activity, the transmission T through a sample of a thickness X (cm) and
density ρ (g/cm3) is given by

T = e−µρX . (3-11)

The absorption coefficient µ, given in cm2/g was calculated with the program XCOM [72].
The mean transmission T results in:

T = 1
x

X∫

0

e−µρxdx = 1
µρX

(1− e−µρX) (3-12)

The correction factor for self absorption is finally defined as

cabs = T
−1

= µρX(1− e−µρX)−1. (3-13)

For the molybdenum measurements, where a 1.4 cm thick sample was used, the attenu-
ation was checked experimentally. For this purpose a 152Eu standard source was mounted
at a fixed distance from the detector cap and 0 to 8 Mo sheets of 2 mm thickness were
inserted between source and detector. The transmission T is then obtained as the ratio
of the measurements with absorber to the one without. The results of these measure-
ments and a comparision with the values calculated with the program XCOM are given
in Figure 3.11. The measurement and calculation agreed within 3%.

Disk Sources Most irradiations were done using samples with a diameter of 10 or
13 mm. For those small samples a homogenous activity distribution was assumed. Taking
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Figure 3.11: The left part of the figure shows the transmission of several γ-ray lines of 152Eu
through metallic molybdenum. A comparison of the experimentally determined attenuation

coefficients µ with the XCOM results is shown in the right part.

into account only the radial efficiency dependence and neglecting self absorption, the
correction factor can be calculated as follows:

cdisk =

∫ R

0
ε(r)2πrdr∫ R

0
ε(0)2πrdr

=

∫ R

0
ε(r)
ε(0)

rdr
∫ R

0
rdr

=
2

R2

R∫

0

εph(r)

εph(0)
rdr. (3-14)

Since the neutron energy and yield of the 3H(d,n)4He reaction are angular dependent,
the assumption of a homogeneous activity distribution in the sample is not valid for large
disk sources. For the efficiency correction of a disk source both the radial dependence of
the efficiency ε(r) and the activity distribution a(r) is needed.

cdisk =

∫ R

0
ε(r)a(r)2πrdr∫ R

0
ε(0)a(r)2πrdr

=

∫ R

0
ε(r)
ε(0)

σ(r)Φ(r)rdr
∫ R

0
σ(r)Φ(r)rdr

. (3-15)

The integral is solved numerically by subdividing the circular sample in concentric rings
of width ∆r. For each ring and its respective angle the energy and neutron yield Y were
calculated with the code Kinema. In order to get the neutron flux in the ring under
consideration, it’s actual distance from the neutron source has to be taken into account:

Φ(r) =
Y (r)

d2 + r2
, (3-16)

where d is the distance between target and sample under 0◦.

Volume Sources For not too thick sources the activity gradient in x direction can be
neglected and one obtains the correction factor as a simple product of equations 3-13 and
3-14 or 3-15, respectivly, depending on the diameter..
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Figure 3.12: A section through the 5 cm diam-
eter and 1.4 cm thick Mo sample, showing the
calculated activity distribution. The sample was
irradiated under 0◦ and at 31 mm distance from

the Ti/T target

cvol = cabs · cdisk (3-17)

A thicker volume source can be treated as a multi layered disk source, with the addi-
tional complication due to self absorption in the sample and an activity gradient in the x
direction.

cvol =

∫ X

0

∫ R

0
e−µρxε(x, r)a(x, r)drdx

ε(0)
∫ X

0

∫ R

0
a(x, r)drdx

(3-18)

The integrals are again solved numerically by subdividing the cylindrical source in several
layers of thickness ∆x containing rings with a width of ∆r. For each ring the activity is
calculated as described for the disk sources but taking into account the activity gradient
in the x direction, which was obtained from monitor foils inserted in the stack. Fig-
ure 3.12 shows the activity distribution calculated for the front disk in the molybdenum
experiment. The efficiency ε(x, r) can be expressed as ε(x) · f(r), whereby it is assumed

that f(r) = ε(r)
ε(0)

is independent of x.

3.4.5 Coincidence Summing

Coincidence summing corrections can be necessary when a radionuclide emits two or more
photons within the resolving time of the detector [73]. When the first photon γ1 with the
energy Eγ1 deposits all its energy in the Ge crystal and if a second photon γ2 with Eγ2

is also detected, a sum pulse is recorded at the energy Esum = Eγ2 + Eγ2 . Since in this
scenario some count rate is lost for the first peak, one speaks of a summing out effect.
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The magnitude of the corrections depends on the probability with which the second
photon is also detected, i. e. it’s total efficiency εT . That means that the correction
depends on the source-detector distance but is independent of the count rate.

If there happens to exist a transition with the same energy as the summing peak, the
observed count rate for this photon is too high and one speaks of a summing in effect.
The summing in corrections are generally much smaller than the summing out corrections
since they depend on the peak efficiencies of the two photons.

The preferred way to determine the summing correction factors would be experimen-
tally. The radioactive sample is counted once in the usual counting geometry, which is
directly on the detector cap, and for a second time at a far distance, where summing
effects are negligible.

In the majority of the cases it is not possible to measure the correction factors, since the
activity of the source is not strong enough to give good count rates at the far position.
Due to this most of the corrections were calculated, which will be explained using the
simple decay scheme of 203gPb, Figure 3.13.

Summing out The count rate of peak 1 without summing effects is given by n1 = Ap1ε1,
where A is the source activity, p1 the emission probability for γ1 and ε1 the peak efficiency
for γ1. Since each γ1 is followed by a γ2 in coincidence, the observed count rate n′1 is then
given by

n′1 = Ap1ε1 − Ap1ε1εt2 , (3-19)

since the probability of counting γ2 is equal to its total efficiency εt2 . Taking into account
equation 3-8 we derive the correction factor:

cγ1

in = (1− εt2)
−1. (3-20)

The situation for peak 2 is different, since a fraction of γ2 is not preceded by γ1. Here we
get:
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cγ2

in =

(
1− pγ1

pγ2

εt1

)−1

. (3-21)

Summing in Summing of γ1 and γ2 leads to additional events in peak 3, which occurs
with the probability pγ1εph1εph2 . The correction factor is then given by

cγ3
out =

(
1 +

pγ1εph1εph2

pγ3εph3

)−1

. (3-22)

In cases where more γ-rays are emitted in cascade, the calculation becomes more compli-
cated, but the principle is the same. Coincidences with 511 keV annihilation γ-rays are
taken into account using the following equation:

cannihilation =
(
1− 2 · ε511

T

)−1
. (3-23)

3.4.6 Ultra Low-level γ-ray Spectroscopy at HADES

The Mo samples irradiated in the two-ring geometry, described in section 3.1.2, were
first measured with the conventional, but well shielded Ge detector system, which was
used for all other measurements done during this work. Since the combination of bad
counting statistics and high background gave a result with an unsatisfying uncertainty, a
new measurement was done in the underground laboratory HADES. It is operated by the
Radionuclides Group of IRMM in the Belgian national underground research facility at
SCK/CEN, Mol. The laboratry is situated at 223 m under ground and thus practically
free of cosmic rays.

The samples were all measured on the same well characterised coaxial high purity Ge
detector with 106% relative efficiency. This detector has extremely low background char-
acteristics. The Ge-crystal is built in a ultra low-background U-style cryostat made from
selected radiopure materials. It is shielded using 11 cm of freshly produced electrolytic
copper and 15 cm of ultra low-background lead. The lead is divided into 2 layers. The
innermost 5 cm contains less than 3 Bq/kg of 210Pb and the outer 10 cm contains less than
20 Bq/kg of 210Pb. The sample volume is flushed with N2 boiling off the liquid nitrogen
dewar in order to minimise the contribution of Rn to the measurement. For other recent
measurements done at HADES see Ref. [75].

For this measurement the 7 cubic samples, which were exposed to the same neutron
field, were placed next to each other on top of the cryostat window of a HPGe detector and
counted for a period of 2 and 4 weeks, respectively. A 2 mm thick teflon sheet protected
the corbon composite window of the detector. For a detailed view of the irradiating and
counting geometry see Figure 3.1. A Mo sample of the same material batch, but not
irradiated, was also measured at HADES, in order to indentify background peaks. An
overview over the performed measurements in HADES is given in Table 3.8. The result
of the measurement done for the front disk above ground is also given for completeness.
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3.5 Low Level β Counting

The detector efficiency was modeled using the EGS4 Monte Carlo program approx-
imating the irregular sample shape with a cylinder shape. The code further takes into
account the activity gradient in the sample obtained from monitor foils and manufacturer’s
information on measurable detector dimensions. The values of Ge dead-layer and crystal
position were derived from experimental mesurements using standard point sources (see
Table 3.7). The decay scheme of 94Nb was used in EGS4 in order to calculate the full
peak efficiency taking into account summing coicidences.

3.5 Low Level β Counting

For the determination of the activity via low level beta counting a thin sample is needed,
so that self absorption of the β−particles in the sample is minimised. In the case of the
204Tl measurement thick Pb samples were irradiated, thus requiring a chemical separation
of the product and thin sample preparation prior to counting. The method used in this
case is described below (see Section 3.7.1). 204Tl has a half-life of 3.78 years and a β−

endpoint energy of 764 keV (cf. Table 3.6, page 31).

3.5.1 Counting System

The β−-detecting system is composed of the main electronics unit, the detector, a guard
detector and a Pb shielding cavity. The electronics unit consists of preamplifier, amplifier,
discriminator, anticoincidence circuit, high voltage supply, scaler and timer. The low
background given by the Pb shielding is further reduced by the anticoincidence shielding
system. A guard counter surrounds the detector, and any counts coincident with the
counts in the guard detector are rejected by the electronics.

Since the intensities of the 204Tl samples were expected to be low, a 2π geometry
counter was used to be able to obtain maximum couting statistics. The 2π counter was
a thin window gas flow counter. The samples were placed in aluminum planchets, which
were mounted on a sample holder. The sample holder could hold a maximum of 10 samples
at a time and could be slided into the counter. A continuos flow of 90% methane and 10%
argon (P10 gas) was used to remove the air inside the counter. In order to obtain a stable
background the detector has to be flushed with P10 gas for several hours before the actual
measurement. Before the measurement the beta plateau had also to be determined, i. e

Table 3.8: Overview of the Mo measurements in HADES and the
van de Graaff laboratory (VdG).

Sample Detector Cooling time Live time Activity
(d) (d) (mBq/g)

blank disk HADES n.a. 7.0 0.0

1st ring
HADES 726 6.8

0.048(5)
HADES 891 28.4

2nd ring
HADES 1077 6.8

0.0216(25)
HADES 930 14.5

front disk VdG 234 12.8 0.068(16)
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the operating voltage, at which the count rate is independent of the applied high voltage.

3.5.2 Efficiency

In principal the determination of the detector efficiency is done in the same way as for a
Ge γ-ray detector. A list of suitable beta emitting standard sources is given in Table 3.9.

Table 3.9: Decay propertiesa of standard beta
sources

Standard T1/2 Emax
β− Intensity

Source (years) (keV) (%)
14C 5730(40) 156 100

210Bi 22.3 1161 100
36Cl 3.0 · 105 709 98.1
99Tc 2.1 · 105 292 100

147Pm 2.623(1) 225 100
agiven by the supplier: New England Nuclear, 549
Albany Street, Boston, Mass. 02118, USA

3.5.3 Corrections

In general, several corrections have to be applied to the measured count rate obtained
by the low level beta counting of thin samples. These are scattering and backscattering
effects, absorption and self absorption.

Scattering and backscattering effects strongly depend on the geometry and the mate-
rials used in the measuring apparatus, since scattering takes place on the source holder,
internal walls of the detector, etc. It can be significantly reduced by the use of light
elements. The sample holder used in the measurements was a thin walled Al planchet.

Further corrections are necessary for absorption in the air between the sample and the
window, but this is only a minor effect for β−-energies above 300 keV. Absorption also
occurs in the detector window, for which Mylar is the recommended material.

The biggest problem in the determination of 204Tl activity is the self absorption in
the sample itself [76]. It also limits the use of 4πβ-counting of solid sources, emphasising
the importance of the source preparation. It was tried to minimise the self-absorption
by adding as less carrier as possible in the chemical separation procedure and subsequent
thin sample preparation, but due to the relative inhomogeneity of the prepared sample it
was not possible to correct for this effect in a reliable way. It was thus decided to measure
the 204Tl activity via Liquid Scintillation Counting (LSC), where self absorption does not
play a role.

3.6 Liquid Scintillation Counting (LSC)

The 204Tl measurements using Liquid Scintillation Counting (LSC) were performed at the
Radionuclides Group of the Institute for Reference Materials ans Measurements.
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3.7 Radiochemical Separation and Sample Preparation

3.6.1 Apparatus and Measurement

Measurements were performed with the Wallac Quantulus 1220 ultra low level Liquid
Scintillation Counter, operated at about 12–13 ◦C. The thin samples, previously prepared
for measurements with proportional counter, were dissolved in HCl and the solution was
evaporated to about 2 ml in a Packart vial. A precipitate was formed, which required
adding 7 ml of 1 M HCl and heating, before 10 ml of the scintillation cocktail could be
added. Insta Gel Plus supplied by Packart Instruments was used as scintillation cock-
tail. On inserting the liquid sample into the cooled apparatus the solution became an
almost solid gel. Each sample was counted three times for 300 min and the individual
measurements combined. The results were corrected for background by couting a sample
containing only 7 ml 1 M HCl and 10 ml Insta Gel. The filter paper, that carried the thin
samples before, was also measured, in order to check that the sample was completely dis-
solved. Only negligible traces of 204Tl were detected. For this measurement the cocktail
Ultima GoldTM was used, also supplied by Packart Instruments.

3.6.2 Efficiency

The efficiency versus quench parameter (Tranformed Spectral Index, tSIE) curve was
established using the CIEMAT/NIST 3H efficiency tracing method described by Grau
Malonda and Garcia-Toraño [77,78]. It is a combination of theoretical calculation of
the counting efficiency and an experimental determination of correction factors with the
help of a tracer nuclide, e. g. 3H, sensitive to quenching effects due to its low β-particle
energy.

Due to the rather high acidity of the Tl-samples, a dedicated 3H calibration had to be
done, in order to compensate for the large quenching effects. For the calibration several
standard solutions were prepared, using 7 ml 1M HCl and 10 ml of Insta Gel Plus under
the same conditions as for the Tl measurements. A known activity of a 3H standard
solution was added and varying amounts of CCl4 to obtain different quenching factors.
Using the theoretical calculations for 3H and 204Tl it was thus possible to establish a
calibration curve for 204Tl.

3.7 Radiochemical Separation and Sample Prepara-

tion

3.7.1 Pb/Tl separation

The separation was done using a MnO2 co-precipitation method described by Luke [79–81].
The separation yield was determined photometrically by the rhodamine B method.

Reagents A standard thallium solution was prepared by dissolving 0.2606 g Tl(I)NO3

in 1 l water. 50 ml of this solution was diluted to 1 l, giving the final concentration of
10 µg Tl per ml. A manganese chloride solution was made by diluting 2 ml of a 50%
MnCl2 solution to 100 ml. A 1% KMnO4 solution was also prepared. The butyl cellosolve
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Figure 3.14: UV-VIS Calibration curve for the determina-
tion of the chemical yield of the Pb/Tl separation

solution was made my mixing 100 ml of ethylene glycol monobutyl ether with 200 ml of
water. The rhodamine B solution was of 0.1% concentration.

Calibration Curve for Thallium 2 to 20 ml of the Tl standard solution was transfered
to a 125 ml conical flask. 2 ml sulfuric acid and about 100 mg hydrazine sulfate were
added and evaporated to about 1 ml volume. After cooling down to room temperature
10 ml of diluted hydrochloric acid were added together with 1 ml of water saturated with
bromine, to oxidize Tl(I) to Tl(III). The mixture was heated uncovered for a few minutes
until all bromine had been expelled. Finally the solution was cooled down to 25◦ C and
poured into a 125 ml separatory funnel. The inside of the flask was washed with further
10 ml of diluted hydrochloric acid. 2 ml of the rhodamine B solution, 1 ml of butyl
cellosolve solution and 15 ml of benzene were added. After extraction and centrifugation
to free the decanted benzene from water droplets, the extract was immeadiatly measured
photometrically with the UV-VISIBLE Recording Spectrometer UV-160A from Shimadzu.
The calibration curve and some absorption spectra are shown in Figures 3.14 and 3.15.

Separation and thin sample preparation The Pb samples, each about 10 g, were
dissolved separately in about 50 ml diluted nitric acid. The mixture was heated gently
until all Pb was dissolved and finally boiled vigorously to expel brown fumes. 500 ml
water, 1 mg Tl tracer and 5 ml of the 1% KMnO4 solution were added and heated to
gentle boiling using a magnetic stirrer. Two successive 1-ml portions of MnNO3 were
added and the mixture boiled for 2 minutes after each addition. The solution was cooled
down and the precipitate zentrifuged off. The MnO2 was washed with water to remove
remaining lead salts. The Tl containing precipitate was dissolved in hydrochloric acid and
heated until all chlorine is expelled. The solution was pipetted dropwise on a filterpaper
and after drying ready for the beta counting.

After the counting the precipitate was dissolved again in hydrochloric acid, and diluted
to 100 ml in a volumetric flask. 5 ml of this solution were then used to check the yield
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Figure 3.15: UV-VIS absorption spectra for Tl concentra-
tions between 20 and 200 µg/ml

of the chemical separation. The procedure was the same as described for the calibration
curve.

The remaining 95 ml were evaporated to about 3 ml for further Liquid Scintilation
Counting (LSC). The measured activity had to be corrected accordingly.

3.7.2 Mo/Nb separation

Only the front disk of the large Mo sample was foreseen for chemical separation of Nb
from the bulk of Mo and the matrix activities, since it contained the highest amount of
88Y, produced via the 92Nb(n,αp)88Y reaction and the 92Nb(n,αn)88Zr reaction with its
subsequent decay to 88Y, which was the main source of the high Compton background.
A Fe(OH)3 coprecipitation method was used for the separation, and γ-ray-spectroscopy
for checking the chemical yield of the separation.

Development of the Method A non activated metallic Mo sample of 12 g was dis-
solved in 200 ml hot aqua regia, adding 10 ml of Fe solution. This solution was prepared
by dissolving 1209.2 mg FeCl3·6H2O in 250 ml water. 1 ml of the solution thus contained
1 mg Fe. In order to check the chemical yield, a known activity of 92mNb was added. The
solution was heated until all brown fumes were expelled and then it was diluted to 400 ml.
NH3 was then added while heating the solution. On neutralisation and the precipitate
Fe(OH)3 was formed which carried the Nb activities. The precipitate was centrifuged off
and dissolved in hydrochloric acid. The iron was extracted from the solution with several
50 ml portions of diethylether saturated with HCl. The aquous phase contained the de-
sired Nb activities and still some disturbing 88Y. A further puryfication step was done by
extracting the Nb with diisopropylketone (DIPK). The organic phase was washed twice
with 10 M HCl and the Nb finally backextracted with 6 M HNO3/1 M H2O2. The solution
was then evaporated to dryness and measured γ-ray-spectrometrically. The overall yield
of the separation was 80%.
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Processing of the front disk The front disk consists of seven individual disks of about
42 g each. Each disk was measured via γ-ray-spectroscopy in order to identify longer lived
radioactive Nb isotopes (91Nb(62 d) and 95Nb(35 d)), which were used to calculate the
chemical yield of the separation. No additional 92mNb tracer was needed. Each disk was
dissolved in hot aqua regia and the resulting solution was heated until all brown fumes
have been expelled. After the sample was completly dissolved the solution was divided in
three parts. The coprecipitation procedure was done for each of the 21 individual portions.
The dissolved Fe(OH)3 precipitates were merged and further processed as described above.
The final extract was evaporated to dryness and measured via γ-ray-spectroscopy in the
underground laboratory hades.

The chemical separation was very clean but the overall chemical yield of the multistep
process was too low. The result was therefore not taken into account and the activity
determined from a counting done before the chemical processing was used to calculate
the cross section.

3.8 Data Analysis

3.8.1 Calculation of Experimental Cross Sections

Since no attempt was made to determine the absolute neutron flux, all cross sections σx

were measured relative to the standard cross section of the 27Al(n,α)24Na reaction. For
each given neutron energy the cross section value σs was obtained by linear interpolation
of the tabulated data given in [62]. Thus, when sufficient 24Na activity was induced in
the Al monitor foils, the cross section was calculated with the basic formula:

σx = σs

(
Fx

Fs

)
(3-24)

where Fs and Fx denote the measured molar reaction rates of the standard reaction and
the reaction under investigation. The measured molar reaction rate Fi for each sample
and monitor foil at a certain distance from the target is given by

Fi =
λi Yi Ai

bi εi mi ai

· 1

1− e−λite
· 1

e−λitc
· 1

1− e−λitm
·
∏

k

cik, (3-25)

where
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3.8 Data Analysis

λi = decay constant
Yi = number of measured γ-ray counts
Ai = molar mass
bi = γ-ray branching factor
εi = full-energy-peak detection efficiency of the Ge detector
ai = isotopic abundance of the target nuclide
te = irradiation (exposure) time
tc = cooling time
tm = sample measurement (counting) time
cik = correction factors.

The values for λi and bi were taken from PcNuDat [67], for Ai from Audi and Wapstra
[12], and for ai from Rosman and Taylor [51]. In case of the enriched Mo and Pb
samples the values given by the supplier were adopted and for natural lead from an
isotopic measurement (cf. Tables 3.2 and 3.1). The calculation or measurement of the
correction factors cback, cbreakup, cflux, ccoin, cscatt, cdisk, clow, and cabs is described in the
previous sections. In case of the solid Ti/T target the breakup correction is not needed
and thus cbreakup sets to unity.

At least two monitor foils were always attached to the sample, one in the back and
the other in front. In cases, where several samples were irradiated as stack, additional
monitor foils were inserted to monitor the flux gradient within this stack. The molar
reaction rates Ffoil, measured for each individual monitor foil at a certain distance dfoil

from the neutron source had to be corrected for the flux gradient within the sample stack
and were normalized for a reference distance, i. e. the center of the stack:

Fcenter =
d2

foil

d2
center

· Ffoil. (3-26)

The distances were measured from the inside of the Ag backing of the Ti/T target to the
middle of the foil under consideration. An average was taken of the thus corrected molar
reaction rates and used in Eq. 3-24.

When a measurement was made with the Bonner sphere or the long counter as standard
alone, a further calibration step was needed. The reaction rate of the monitor was replaced
by following expression:

Fs = Fcal · d2
cal

d2
s

· NBS
s

NBS
cal

. (3-27)

Here NBS denotes either the count rate in the Bonner sphere or the long counter of the
calibration run or the actual measurement. Fcal is the reaction rate in the monitor foil of
the calibration, again corrected for possible variations of the distance.

In cases were two reactions on different isotopes led to the same activity in the sample,
the above approach was not valid. An example is the 96Nb production in a Mo sample
via the 96Mo(n,p) and 97Mo(n,np) reactions. The cross section can be determined by
irradiating two samples with different isotopic compositions, e.g. natural Mo and enriched
97Mo, and measuring the cross section σn,x for the production of 96Mo characteristic for
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the specific sample. The cross section for the natural sample is given by the following
equation:

σn
n,x = an

96σn,p + an
97σn,np, (3-28)

and for the enriched sample by

σe
n,x = ae

96σn,p + ae
97σn,np, (3-29)

where a denotes the isotopic abundance in the natural (n) and the enriched (e) sample.
Solving these two equations leads to expressions for the desired cross sections:

σn,p =
an

97σ
e
n,x − ae

97σ
n
n,x

ae
96a

n
97 − an

96a
e
97

, (3-30)

σn,np =
ae

96σ
n
n,x − an

96σ
e
n,x

ae
96a

n
97 − an

96a
e
97

. (3-31)
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3.8 Data Analysis

3.8.2 Uncertainties

Table 3.10 summarizes the sources of uncertainties and their estimated magnitudes. The
large error for the background neutrons are mainly caused by the uncertainties of the
involved excitation functions. The uncertainty of the reference monitor cross section
was usually less than 5%, the value of 10% given here was for a measurement near the
threshold of both the investigated 99Tc(n,n’γ)99mTc and the 115In(n,n’γ)115mIn reference
cross sections. The total uncertainty for each cross section was obtained by combining
the individual uncertainties in quadrature according to the law of error propagation.

Table 3.10: Sources of uncertainties and their magnitudes

Source of uncertainty Magnitude (%)

Count rate (statistics and background) 1−25
Detector efficiency 2−3
γ-ray-emission probability 0.01−8
Half-life 0.01−8
Coincidence summing 0−7
γ-ray absorption 0.1−3
Sample mass <1
Counting time <1
Cooling time <1
Background neutrons
a) gas-in / gas-out 0.2−6
b) breakup 0−16
c) low energy 0−12

Neutron flux fluctuation 0.1−0.5
Reference monitor cross section 0.5−10

Total uncertainty 6−26
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Chapter 4

Nuclear Model calculations

Neutron, charged particle and γ-ray emission cross sections, both as a function of energy
and angle, play an important role in fusion and fast reactor development, especially in
calculations on decay heat, gas production, activation and radiation transport. Nuclear
model calculations are an important tool for evaluators to reliably interpolate the existing
data or even extrapolate the data to energy ranges and angles, where no data exist or
in cases where a measurement is simply not feasible. Due to this importance, extensive
efforts have been devoted to development and improvement of codes. Some of the recent
improvements include:

➱ a unified description of the equilibrium and pre-equilibrium (PE) processes,

➱ use of consistent input parameters, which are ideally based on experimental data,

➱ choice of proper level density description,

➱ consideration of systematics of particle induced reactions for an isotopic chain or
neigbouring elements.

Some models of the Hauser-Feshbach type are HELGA [82], GNASH [83], EMPIRE
[84], STAPRE [85] and STAPRE-H [86, 87]. In the present work the original STAPRE
code was used for calculations of neutron induced reactions on the radioactive target
nucleus 99Tc as well as on lead. For the isotopes of molybdenum and vanadium, on the
other hand, a modified version of the original STAPRE code was used: STAPRE-H. The
calculations were performed in collaboration with the National Institute for Physics and
Nuclear Engineering in Bucharest 1 and the University of Debrecen 2.

4.1 The codes STAPRE and STAPRE-H

The original STAPRE code by Uhl and Strohmaier [85] was designed to calculate
the energy-averaged cross ections for particle induced reactions, assuming a sequential
evaporation of the emitted particles and γ-rays. The code STAPRE-H by Avrigeanu et

1“Horia Hulubei” National Institute for Physics and Nuclear Engineering, P.O. Box MG-6, 76900
Bucharest, Romania

2Institute of Experimental Physics, Debrecen University, H-4001 Debrecen, Hungary
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4 Nuclear Model calculations

al. [86] is an extension of the original code. Both codes are written in FORTRAN and
are available from the NEA Data Bank3.

The original STAPRE code takes into account:

➱ equilibration of the compound system formed in the first stage of the reaction by
means of the particle precompound emission exciton model (EM),

➱ statistical de-excitation in the frame of the Hauser-Feshbach-Moldauer (HFM)
model with consideration of angular momentum and parity conservation,

➱ intermediary γ-ray cascades,

➱ fission mechanism.

The extensions in STAPRE-H are mainly:

➱ calculation of particle transmission coefficients by means of the spherical optical
model code SCAT 2 [88] as a subroutine,

➱ inclusion of the pre-equilibrium emission geometry-dependent hybrid (GDH) model
code HYBRID as a subroutine with a version including the angular momentum,
parity conservation and α-particle emission

➱ computation of the nuclear level densities taking into account the formulas of Ig-
natyuk and Schmidt and back-shifted Fermi-gas (BSFG) model,

➱ inclusion of the energy-dependent Breit-Wigner model (EDBW).

The code is then able to calculate the activation cross section, the population of isomeric
states, the production cross section for γ-rays from low level excited levels, the energy
spectra for all emitted particles and the γ-ray production spectra.

4.2 Input Parameter

The necessary input parameters are passed to the STAPRE code via an input file that
contains ...

...the Optical Model Potential (OMP) parameters that are required to calculate
the transmission coefficients and inverse reaction cross sections. The OMP parameters
are checked for their predictive power by calculating total and nonelastic cross sections
and comparing the results to experimental values, when available.

...Preequilibrium Emission (PE) parameters

...Reduction factor, in order to account for the fraction of the total cross section,
that is not related to Compund Nucleus and PE mechanisms, which are mainly direct
reactions.

3Nuclear Energy Agency, Issy-les Moulineaux, France http://www.nea.fr/html/dbprog
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...Separation energies, calculated from the masses given by the atomic mass evalua-
tion of Audi and Wapstra [12].

...Discrete levels and level density parameters, including information about en-
ergy, spin, parity and γ-ray branching, available from various sources [67, 74]

4.3 Formalism

The incident particle and the target nucleus are assumed to form a composite system,
called the first compound nucleus 1st CN , even if not yet in equilibrium. The particle
emission in a specific order is regarded as leading to the next compound nucleus, which
goes through de-excitation processes via emission of particles, i. e. neutrons, protons,
α-particles, deuterons, γ-rays or via fission. PE particle emission is taken into account in
the first step of the evaporation cascade either uing the Excition Model (EM), geometry
dependent-hybrid model (GDH) or the modified GDH model including angular momen-
tum and parity conservation. The Hauser-Feshbach-Moldauer (HFM) formula is
applied for the fraction of the population of the composite system that did not undergo
PE decay. All further evaporations are treated within the conventional evaporation model,
giving the primary populations combined with a γ-ray cascade model.

4.4 Scope of the Present Calculation

Nuclear model calculatios were performed for all experimental investigated reactions on
V, Mo, Tc and Pb. Neutron, proton, α-particle and γ-ray emissions are considered from
threshold to 20 MeV. Not taken into account are cluster emissions like deuteron,triton
and 3He emission, which are known to have small cross section. In order to allow a direct
comparsion with experimental results obtained with the activation technique, the cross
sections for (n,np) and (n,pn) and (n,d) reactions are summed together.
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Chapter 5

Results and Discussion

5.1 Vanadium

Three neutron induced reactions on vanadium, namely natV(n,xα)47Sc, 51V(n,α)48Sc and
51V(n,p)51Ti have been investigated in the energy range 11.7–20.5 MeV. The numeri-
cal data are summarised in Table 5.1. A detailed discussion of the three reactions in
comparison to evaluations and STAPRE-H95 model calculations is given in the following
sections.

Table 5.1: Measured cross sections on natural vandium

Neutron energy Cross section (mb)
(MeV) natV(n,xα)47Sc 51V(n,α)48Sc 51V(n,p)51Ti

11.7±0.2 0.055±0.005 8.3±0.8
13.4±0.1 0.094±0.010 14.1±1.2
13.9±0.2 0.086±0.005 15.4±1.1
14.3±0.2 0.089±0.006 14.2±1.2
15.0±0.2 0.14±0.01 18.2±1.7 26±2
16.1±0.2 25±2
16.2±0.2 0.40±0.02 19.8±1.8
18.0±0.1 4.0±0.2 21.1±1.8
19.3±0.1 10.8±0.6 19.8±1.8
20.5±0.1 17.3±1.3 14.6±1.6

5.1.1 natV(n,xα)47Sc reaction

As outlined in Chapter 2, the main motivation for the vanadium irradiation was the
measurement of the natV(n,xα)47Sc cross section, which consists of contributions from
the 51V(n,n’α)47Sc and 50V(n,α)47Sc processes. An excitation curve is established for the
first time and it is in agreement with the good quality data recently measured around
14 MeV [33,35,89,90], as can be seen in Figure 5.1. It also shows the appropriate threshold
behavior of the dominant reaction channel. This work is at variance with the earlier data
of Ref. [32]. Over the whole energy range studied here, the cross section for the production

53



5 Results and Discussion

12 14 16 18 20

0.1

1

10

100

JENDL-ACT

EAF-99

ENDF-B VI

STAPRE-H

 
50

V(n,α)
47

Sc

 
51

V(n,nα+αn)
47

Sc

 sum, 
nat

V(n,xα)
47

Sc

 Bormann et al. (1961+1962)
 Pepelnik et al. (1985)
 Grallert et al. (1993)
 Wang et al. (1993)
 Qaim (1986)
 this work

 

nat
V(n,xα)

47
Sc

C
ro

ss
 s

ec
tio

n 
(m

b)

Neutron energy (MeV)

Figure 5.1: Comparison of the measured cross sections for the natV(n,xα)47Sc reaction
with existing experimental data [31–33,35,89,90], evaluations and STAPRE-H calculations

of 47Sc from natV is much lower than that suggested by this earlier measurement above
15 MeV [31,32].

Clearly the trend of this new measurement for the natV(n,xα)47Sc cross section is rather
well described by the model calculation. The calculation shows that the contribution of
the 51V(n,n’α)47Sc reaction to the formation of 47Sc dominates above incident energies of
15 MeV, where it is an order of magnitude higher than the cross section of the 50V(n,α)47Sc
reaction multiplied by the natural abundance of 50V. Therefore, both the previous data
around 14.8 MeV [33, 35, 89] and the measurements carried out in this work at energies
below 15 MeV, correspond to the latter reaction. This conclusion is supported by the
50V(n,α)47Sc cross section value deduced from the systematics at 14.8 MeV [91]. The
model estimate for the 50V(n,α)47Sc reaction is somewhat lower than the data between
13 and 15 MeV.

5.1.2 51V(n,α)48Sc reaction

From the irradiation performed for the determination of the natV(n,xα)47Sc reaction also
the cross sections for the 51V(n,α)48Sc reaction were obtained. They are shown in Fig-
ure 5.2 together with the existing data and model calculations. Above 18 MeV this
measurement provides the second dataset of this cross section. In that energy range our
measurements suggest values slightly higher than those reported in Ref. [92]. This is
probably due to improvements in the standard (reference) cross sections. In general, the
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Figure 5.2: Comparison of the measured cross sections for the 51V(n,α)48Sc reaction with
existing experimental data [92–99], evaluations and STAPRE-H calculations

agreement of the new measurement for the 51V(n,α)48Sc reaction with the existing data
is good within the given uncertainties. Also the overall agreement between the model
calculation and the experimental data is seen to be good.

5.1.3 51V(n,p)51Ti reaction

Only two data points were added to the recent measurements by Fessler et al. [57] for
the 51V(n,p)51Ti reaction. The energies were chosen to establish wether those recent
measurements should be extrapolated to the higher or the lower set of cross sections
determined previously at 14 MeV. The new data agree within the uncertainties both with
the results of Fessler et al. [57] and with the measurements reported in Refs. [93–95,100]
A discrepancy is, however, observed with the higher cross section data of Ref. [101].

Fig. 5.3 shows that the excitation function of the 51V(n,p)51Ti reaction is described
rather well by the model calculation. Slight discrepancies exist. Between 4.5 and 7 MeV
the model estimate is below the measured data. Most likely this is due to some of the
spin and parity assignments of the 22 discrete levels used for 51Ti. Between 9 and 10 MeV
the model has to make the best of the slight mismatch in the measured data of Refs. [93]
and [100] and at 20.5 MeV the model estimate is slightly higher than the data of Ref. [57].
The energy dependence of the pre-equilibrium contribution is influenced by the successive
openings of partial wave contributions, visible around 16 MeV, resulting in a sudden rise
of the preequilibrium contribution. The calculated cross section had to be smoothed to
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Figure 5.3: Comparison of the measured cross sections for the 51V(n,p)51Ti reaction with
existing experimental data [57,93–96,100,101], evaluations and STAPRE-H calculations

render the calculation physical.

5.2 Molybdenum

The main motivation for measurements on molybdenum was to determine the production
cross section of 94Nb from natural Mo. It is produced via the 94Mo(n,p) and 95Mo(n,np)
reactions, which cannot be distinguished by irradiating Mo of natural isotopic composi-
tion. Since a complete set of enriched Mo isotpoes (except 95Mo) was at our disposal, the
formation of several Nb isotopes via competing (n,p) and (n,np) ractions on neighbour-
ing isotopes was also studied and the results are described in Section 5.2.1. In addition
some (n,2n) and (n,α) reaction were studied, which are presented in Section 5.2.2. The
decay data of all studied reaction products are already given in Table 3.6, page 31. All
measured cross sections are compared with nuclear model calculations done using the
code STAPRE-H95. Whereever possible, a comparison with the EAF-99 and JENDL-3.2
evaluated data files is also given.
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5.2 Molybdenum

5.2.1 Some (n,p) and (n,np) cross sections

5.2.1.1 natMo(n,x)94Nb reaction

The natMo(n,x)94Nb reaction has previously been measured by Greenwood et al. [40]
and Ikeda and Konno [41] in the 14 MeV region using the activation technique. In
both cases natural and enriched samples were irradiated using a high intensity neutron
source. Extending the excitation function to higher energies was only possible with neu-
tron sources of much lower intensity, like the 3H(d,n)4He reaction at the 7 MV Van de
Graaff accelerator in Geel.

Our measured data are given in numerical form in Table 5.2 and are plotted together
with the experimental literature values, evaluations and model calculations in Figure 5.4.
Good agreement was found with the existing data from Greenwood et al. [40] and
Ikeda and Konno [41]. Even though the uncertainties of our results are somewhat
larger due to a non-ideal irradiation geometry and low neutron flux, at least the two data
points at 14.5 and 18.0 MeV met the demanded accuracy of 20% asked for in the High
Priority Request List, request ID 3.C.10. [8]. The uncertainty of the highest energy point
is larger, since it was derived from an early measurement, done at a time when the matrix
activity and thus the Compton background was still very high. A subsequent attempt to
separate the tracer amounts of Nb from the bulk of Mo showed a too low chemical yield,
which gave reason to discard the result (cf. Section 3.7.2, page 43).
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Figure 5.4: Comparison of the measured cross section for the natMo(n,x)94Nb reaction
with existing experimental data in the 14 MeV region [40,41], evaluations and STAPRE-H

calculations.
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5 Results and Discussion

Table 5.2: Measured cross sections
for the natMo(n,x)94Nb reaction

Neutron energy Cross section
(MeV) (mb)

14.5±0.7 9.9±1.6
18.0±0.7 17.6±1.4
20.3±0.3 28.3±7.3

5.2.1.2 92Mo(n,p)92mNb and 98Mo(n,p)98mNb reactions

The 92Mo(n,p)92mNb and 98Mo(n,p)98mNb reactions denote the only two cases in the
chain of Mo isotopes for which no competing (n,np) reaction exists, that would lead to
the same nuclide. The cross section could thus be measured from sample material with
natural isotopic composition. The measured cross sections are given in Table 5.3.

Table 5.3: Measured cross sections for the 92Mo(n,p)92mNb and 98Mo(n,p)98mNb reactions

Neutron energy 92Mo(n,p)92mNb
(MeV) Cross section (mb)

16.22±0.26 43.1±2.9
18.00±0.13 24.3±3.1
19.27±0.12 40.9±5.5
20.51±0.13 39.7±6.7

Neutron energy 98Mo(n,p)98mNb
(MeV) Cross section (mb)

16.22±0.26 6.9±0.6
18.01±0.13 7.5±1.2
19.25±0.13 9.5±1.1
20.51±0.12 7.2±0.8

For the 92Mo(n,p)92mNb reaction this measurement is only the second for energies
higher than 16 MeV, shown in Figure 5.5. The only other dataset is from Liskien et
al. [42], measured under a Geel-Jülich collaboration. The present data are somewhat lower
compared to the older data, which were determined using an incident deuteron beam of
3 MeV and multiple samples arranged in a circular geometry. In our measurement the
corrections for low energy neutrons were done thoroughly. They were up to 50%. Our
data are confirmed by the STAPRE calculation, which describes the experimental results
rather good. For the two lower energy points the calculated cross sections agree with
the experiment within the error bars, while for the two higher energy values the model
predicts lower cross sections.

Figure 5.6 shows the results for the 98Mo(n,p)98mNb reaction, which are the first
measurements in the energy range from 16 to 20.5 MeV. It is in good agreement with
the existing data at 14 MeV and the only higher energy point from Marcinkowski
et al. [121]. The EAF-99 evaluation is slightly higher than our results. However, the
STAPRE calculation describes the data very well over the whole energy range and is in
good agreement with the experimental results.
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Figure 5.5: Comparison of the measured cross sections for the 92Mo(n,p)92mNb reaction
with existing experimental data [42, 89, 95, 98, 99, 102–122], evaluations and STAPRE-H
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Figure 5.6: Comparison of the measured reaction cross sections for the 98Mo(n,p)98mNb
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5 Results and Discussion

5.2.1.3 (n,p) and (n,np) reactions leading to 95mNb and 96Nb

95Mo(n,p)95mNb: 95mNb is produced via both the 95Mo(n,p) and the 96Mo(n,np) re-
actions. Enriched samples were thus used to measure the cross sections, which are given
in Table 5.4. The data for the 95Mo(n,p)95mNb reaction are plotted in the upper part
of Figure 5.7 together with the existing data in the 14 MeV region. This measurement
provides the first data above 16 MeV. The highest neutron energy measured so far was
around 16 MeV by Marcinkowski et al.. [121], which agrees with the present results
within the given uncertainties. A comparison with the EAF-99 evaluation shows an over-
estimation of about 25–30% over the whole investigated energy range. A slightly better
agreement can be observed with the STAPRE-H model calculation, which shows an over-
all flatter behaviour than the EAF-99 excitation function. Above 17 MeV the calculated
curve is almost constant, which is confirmed by the measurement. However, the model
overpredicts the cross section by 15 to 25%.

Table 5.4: (n,p) and (n,np) cross section for the formation of 95mNb

Neutron energy 95Mo(n,p)95mNb
(MeV) Cross section (mb)

16.55±0.26 5.4±0.7
18.00±0.13 4.8±0.9
19.27±0.13 5.0±1.3
20.51±0.13 5.1±0.9

Neutron energy 96Mo(n,np)95mNb
(MeV) Cross section (mb)

16.22±0.05 3.3±0.4

19.31±0.11 12.0±1.0
20.6±0.08 14.2±2.1

96Mo(n,np)95mNb: The other way of producing 95mNb is via the 96Mo(n,np)95mNb
reaction, shown in the lower part of Figure 5.7. Only two datasets exist so far for this
reaction, namly from Atsumi et al. [114] and Ikeda et al. [95], both in the 14 MeV region.
The EAF-99 evaluation is too high over the whole energy range. For neutron energies up
to 16 MeV the deviation is about 50%. For the two highest energy points of this work the
deviation is only 10–20%. The STAPRE calculation, on the other hand, describes very
well the existing data in the 14 MeV region, but for higher energies it predicts a too high
cross section, which is about the same order of magnitude as the EAF-evaluation.
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Figure 5.7: Comparison of the measured cross sections for the 95Mo(n,p)95mNb and
96Mo(n,np)95mNb reactions with existing experimental data [89,95,106,114,121,128], eval-

uations and STAPRE-H calculations.
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96Mo(n,p)96Nb This mesurement provides only the second data set for the 96Mo(n,p)96Nb
reaction over the energy range of 16 to 20 MeV. The only other measurement to date was
by Liskien et al. [42]. Table 5.5 shows the numerical values found in this work and
Figure 5.8 presents the data in graphical form. Also shown are the extensive data base
existing around 14 MeV and a single measurement done near the threshold of the reaction
by Rahman and Qaim [115]. It should be noted that the measurement of Liskien et
al. [42] was done with molybdenum of natural isotopic composition and thus the value
is a composite of the (n,p) reaction on 96Mo and the (n,np) reaction on 97Mo, discussed
in the next paragraph. Due the contribution from the latter reaction the cross section
reported by Liskien et al. besides an older measurement, also done at this laboratory, is
too high. The excitation function is well described by the EAF-99 evaluation from thresh-
old up to about 18 MeV. For higher energies the cross sections given by this evaluation
are somewhat higher than the measurements presented here; it was apparently oriented
to the older measurements in this energy interval. The JENDL-3.2 file on the other hand
is slightly higher than the experimental data close to threshold, but gives a better de-
scription of the data for energies above 18 MeV. The best description is obtaind with the
STAPRE-H calculation, which gives good agreement over the whole energy range.

Table 5.5: (n,p) and (n,np) cross section for the formation of 96Nb

Neutron energy 96Mo(n,p)96Nb
(MeV) Cross section (mb)

16.22±0.05 19.9±1.8
19.33±0.07 25.1±2.5
20.63±0.08 25.3±2.7

Neutron energy 97Mo(n,np)96Nb
(MeV) Cross section (mb)

16.23±0.04 8.1±0.7
19.28±0.13 30.6±4.2
20.64±0.13 37.6±4.1

97Mo(n,np)96Nb: Measurement of the 97Mo(n,np)96Nb reaction cross section was only
possible using an isotopically enriched sample. The measured cross sections are given in
Table 5.5 and are plotted together with two other existing data sets in the lower part of
Figure 5.8. The two measurements by Atsumi et al. [114] and Ikeda et al. [95] were
done only in the 14 MeV region and could thus only give the trend of the excitation
function. The new mesurement presented here allows to establish an excitation function
up to a maximum energy of 20.6 MeV. It can be seen that the data are not consistently
described by the evaluation and the calculation. The STAPRE calculation, which was
done without a knowledge of the new data, describes well the older data in the 14 MeV
region, but heavily overpredicts the cross sections for energies higher than 15 MeV. In
that energy region the JENDL-3.2 evaluation agrees with the measurements within the
given uncertainties, but it is too low compared to the older data. The EAF-99 evaluation
is about 50% too low over the whole energy range.
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Figure 5.8: Comparison of the measured cross sections for the 96Mo(n,p)96Nb and
97Mo(n,np)96Nb reactions with existing experimental data [89, 95, 98, 103, 105–107, 109, 112–

116,120–123,126,128,129], evaluations and STAPRE-H calculations.
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5 Results and Discussion

5.2.1.4 (n,p) and (n,np) reactions lading to 97mNb and 97m+gNb

Using enriched 97Mo and 98Mo isotopes (for isotopic composition see Table 3.1, page 18),
it was possible to distinguish the formation of both the ground and the metastable states
of 97Mo via the (n,p) and (n,np) reactions. The four involved reactions are dicussed in
more detail in the following paragraphs. The measured reaction cross sections are given
in Table 5.6.

Table 5.6: (n,p) and (n,np) cross sections for the formation of 97mNb and97m+gNb

Neutron energy 97Mo(n,p)97mNb
(MeV) Cross section (mb)

16.18±0.07 5.4±0.5
17.83±0.12 6.4±1.4
19.19±0.16 6.3±1.0
20.50±0.18 6.6±2.2

Neutron energy 97Mo(n,p)97m+gNb
(MeV) Cross section (mb)

16.23±0.04 18.2±1.3
18.01±0.13 19.4±2.7
19.28±0.13 22.4±2.9
20.64±0.07 19.3±1.7

Neutron energy 98Mo(n,np)97mNb
(MeV) Cross section (mb)

16.15±0.09 1.9±0.2
17.83±0.12 9.4±1.9
19.18±0.17 14.2±1.5
20.56±0.09 25.5±7.1

Neutron energy 98Mo(n,np)97m+gNb
(MeV) Cross section (mb)

16.22±0.09 2.9±0.2
18.02±0.12 12.8±1.7

97Mo(n,p)97mNb: This cross section has been measured for four energies between 16
and 21 MeV and the results are shown in the upper part of Figure 5.9. Several mea-
surements existed so far between 13 and 15 MeV, but there was only one dataset from
Marcinkowski et al. [121] at higher energies. However, this result for 16.6 MeV shows
rather large uncertainties. Our results are in good agreement with these data and are well
described by both the STAPRE calculations and the EAF-99 evaluation, which happen
to be almost identical for neutron energies above 17 MeV.

98Mo(n,np)97mNb: Since this measurement is impossible to perform without enriched
samples, only four datasets exist, all in the 14 MeV region [95, 101, 113, 130]. Our data
are in good agreement with the trend of the excitation function, given by these older
measurements. The STAPRE calculation describes very well the three highest datapoints,
but it overpredicts our lowest datapoint at 16.1 MeV and underpredicts the old 14 MeV
data. The EAF-99 evaluation is about one order of magnitude too low over the whole
energy region.
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Figure 5.9: Comparison of the measured cross sections for the 97Mo(n,p)97mNb and
98Mo(n,np)97mNb reactions with existing experimental data [95, 101, 106, 107, 113, 121, 123, 130,

131], evaluations and STAPRE-H calculations.
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5 Results and Discussion

97Mo(n,p)97m+gNb: Measurements were done for the formation of 97m+gNb, i. e. the
couting of the activated sample was only started, when the metastable state with a half-
life of 58.7 s (Table 3.6, page 31) had completly decayed. The results are presented
graphically in the upper part of Figure 5.10 together with the cross sections found in the
literature. This reaction has been studied extensivly, especially in the 14 MeV region, but
also some data exist for the threshold region [106, 115]. However, no data existed up to
now for energies above 17 MeV. Both the model calculation and the EAF-99 evaluation
confirm our data and the flat behaviour of the excitation function above 16 MeV. In
the threshold region on the other hand, the model describes the more recent data of
Rahman and Qaim (1985) [115] better, while the EAF-99 curve follows more the older
data of Artemev (1980) [106].

98Mo(n,np)97m+gNb: Using an enriched 98Mo sample it was possible to add two data-
points to the existing two measurements of Ikeda et al. [95] and Amemiya et al. [113].
The data are compared with evaluations and a STAPRE calculation in Figure 5.10 (lower
part). Our new results do not quite follow the trend given by the 14 MeV data, but they
agree to some extent with the JENDL-3.2 evaluation, which is somewhat low compared to
our 18 MeV data point. EAF-99 is even lower, but gives the same shape of the exitation
function. The STAPRE calculation describes well only the older 14 MeV data, but it
overpredicts our new results.

5.2.2 Some (n,α) and (n,2n) cross sections

In addition to the above discussed (n,p) and (n,np) reactions some (n,α) and (n,2n)
reactions relevant to gas production and neutron transport habe been studied as well. In
the following paragraphs we will discuss the (n,α) reactions on 92Mo and 100Mo and the
(n,2n) reactions on 92Mo, 94Mo and 100Mo in a bit more detail.
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Figure 5.10: Comparison of the measured cross sections for the 97Mo(n,p)97m+gNb and
98Mo(n,np)97m+gNb reactions with existing experimental data [95,98,103,105–107,112,113,115,

116,120–122,126,129,132–134],evaluations and STAPRE-H calculations.
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5 Results and Discussion

5.2.2.1 92Mo(n,α)89mZr reaction

The present data for the 92Mo(n,α)89mZr reaction are given in Table 5.7 and plotted in
Figure 5.11 together with existing data, evaluations and model calculation. The majority
of the existing data were measured with 14 MeV neutrons, but the scatter in the data is
large. One data set exists for energies up to 17 MeV by Marcinkowski et al. [121], but
their results are much higher than our values. The data of Marcinkowski et al. suggest
a continous rise of the cross section, while our data propose an almost flat behaviour.
The EAF-99 evaluation peaks at about 17 MeV, which is not confirmed by our data. The
STAPRE calculation gives a slightly downward slope of the excitation function, which
agrees with the new experimental result only within the uncertainties, which are rather
large for the highest energy point.

Table 5.7: Measured cross sections
for the 92Mo(n,α)89mZr reaction

Neutron energy Cross section
(MeV) (mb)

16.1±0.1 6.3±0.7
17.8±0.2 6.7±1.0
19.1±0.3 6.3±1.0
20.5±0.2 6.6±2.5
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Figure 5.11: Comparison of the measured cross sections for the 92Mo(n,α)89mZr and re-
action with existing experimental data [95,99,102,107,108,110,112,113,121,123,135],

evaluations and STAPRE-H calculations.
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5.2 Molybdenum

5.2.2.2 100Mo(n,α)97Zr reaction

The experimental results for the 100Mo(n,α)97Zr reaction are given in Table 5.8. From
Figure 5.12 it can be seen that our new data are in good agreement with the only other
dataset above 17 MeV, measured by Liskien et al. [42]. The evaluated data file EAF-99,
which is identical to JENDL-3.2, is somewhat lower than our data, but gives the right
shape of the excitation function. It agrees nicely with the 14 MeV data. The situation
for the STAPRE calculation is almost the opposite: good agreement is observed with the
data at higher energies, while the model underestimates the cross section at 14 MeV.

Table 5.8: Measured cross sections
for the 100Mo(n,α)97Zr reaction

Neutron energy Cross section
(MeV) (mb)

16.2±0.3 3.4±0.2
18.0±0.1 4.6±0.4
19.3±0.1 5.3±0.5
20.5±0.1 5.2±0.5
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Figure 5.12: Comparison of the measured cross sections for the 100Mo(n,α)97Zr reaction
with existing experimental data [42,89,95,106,114,120,121,129], evaluations and STAPRE-

H calculations.
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5 Results and Discussion

5.2.2.3 92Mo(n,2n)91mMo reaction

The measured cross sections for the 92Mo(n,2n)91mMo reaction are given in Table 5.9
and are presented graphically in Figure 5.13. Most of the existing data were measured
with 14 MeV neutrons. Some data are consistent while others and are rather discrepant.
The only dataset above 14 MeV by Marcinkowski et al. [121] is in good agreement
with the present data. A good description of the data was obtained using the STAPRE
code. It reproduces the present data nicely and also agrees with the most recent work by
Filatenkov et al. [99] in the 14 MeV region. The EAF-99 evaluation on the other hand
underestimates the cross section for energies above 15 MeV and overestimates the cross
sections for energies below 15 MeV.

Table 5.9: Measured cross sections for
the 92Mo(n,2n)91mMo reaction

Neutron energy Cross section (mb)
(MeV) (mb)

16.1±0.1 54.9±4.7
17.8±0.2 100±21
19.1±0.2 117±13
20.5±0.2 118±21
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Figure 5.13: Comparison of the measured cross sections for the 92Mo(n,2n)91mMo reac-
tion with existing experimental data [95, 99, 102, 107, 108, 110, 112, 121, 123, 131, 135–139],

evaluations and STAPRE-H calculations.
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5.2 Molybdenum

5.2.2.4 94Mo(n,2n)93mMo reaction

The numerical results for the 94Mo(n,2n)93mMo reaction can be found in Table 5.10 while
Figure 5.14 contains the graphical representation of the measured cross sections. Our
lowest energy point at 16.2 MeV neutron energy is somewhat lower than the previous
data by Herman and Marcinkowski [84]. The three other data points, however, are in
very good agreement with the trend of the experimental data in the 14 MeV region and
the EAF-99 evaluation. A good description over the whole energy range was obtained by
the nuclear model calculations done using the code STAPRE-H.

Table 5.10: Measured cross sections
for the 94Mo(n,2n)93mMo reaction

Neutron energy Cross section (mb)
(MeV) (mb)

16.2±0.3 9.6±0.8
18.0±0.1 22.0±1.8
19.3±0.1 28.7±2.4
20.5±0.1 35.9±3.7
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Figure 5.14: Comparison of the measured cross sections for the 94Mo(n,2n)93mMo reaction
with existing experimental data [84, 95, 102, 104, 105, 113, 121, 123, 140], evaluations and

STAPRE-H calculations.
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5.2.2.5 100Mo(n,2n)99Mo reaction

The present data for the 100Mo(n,2n)99Mo reaction are given in Table 5.11 and are plotted
in Figure 5.15. Only one measurement exists near the threshold, done by Rahman and
Qaim [115], while around 14 MeV plenty of data exist. Above 15 MeV good agreement
is observed with the only so ar existing results of Marcinkowski et al. [121]. Our two
lowest data points also agree nicely with the EAF-99 and JENDL-3.2 evaluations, but the
two data points at higher energies are somewhat too high, although the point at 19.3 MeV
also agrees, taking into account the quite large uncertainties. The STAPRE-H calculation,
on the other, hand agrees only with the two highest energy points and overestimates the
two lower ones.

Table 5.11: Measured cross sections
for the 100Mo(n,2n)99Mo reaction

Neutron energy Cross section (mb)
(MeV) (mb)

16.2±0.3 1272±127
18.0±0.1 980±78
19.3±0.1 1018±180
20.5±0.1 814±105
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Figure 5.15: Comparison of the measured cross sections for the 100Mo(n,2n)99Mo reaction
with existing experimental data [84, 95, 99, 103, 112–115, 120–122, 126, 131, 136, 141–145],

evaluations and STAPRE-H calculations.
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5.3 Technetium

5.3.1 99Tc(n,n’γ)99mTc reaction

The 99Tc(n,n’γ)99mTc cross section was measured from threshold to 20.6 MeV using three
different neutron producing reactions: PT for neutron energies from 0.48 to 5.91 MeV, DD
from 7.47 to 12.42 MeV and DT from 13.88 to 20.59 MeV. All measurements above 6 MeV
were done relative to the 27Al(n,α)24Na standard reaction, whereas for lower energies
the 115In(n,n’γ)115mIn reaction was used as reference. The numerical data are given in
Table 5.12 and are plotted together with the results of a STAPRE model calculation in
Figure 5.16.

Table 5.12: Cross sections for the 99Tc(n,n’γ)99mTc reaction

Neutron energy Cross section
(MeV) (mb)

0.48±0.08 6.3±3.9
0.98±0.06 78.5±11.8
2.02±0.04 211.0±17.0
2.98±0.03 222.8±19.0
3.97±0.03 239.0±20.1
4.93±0.03 323.0±30.4
5.43±0.02 318.0±39.0
5.91±0.01 310.0±41.0
7.47±0.20 309.1±19.2
8.62±0.22 297.4±16.2
9.56±0.23 269.0±21.7

10.72±0.24 204.8±22.6
12.42±0.29 110.1±19.9
13.88±0.15 77.4±4.8
14.36±0.20 77.1±6.8
14.81±0.19 64.8±4.0
16.26±0.26 60.8±5.4
17.99±0.13 56.2±6.2
19.34±0.10 63.8±10.2
20.59±0.10 71.2±22.5

This measurement allows for the first time the establishment of an excitation function
for the 99Tc(n,n’γ)99mTc reaction from threshold to 20.6 MeV. So far only data around
14 MeV existed. Rather good agreement is observed with Goldstein [45] and one of the
two data points of Ikeda et al. [46]. On the other hand, the differences to earlier works
of Qaim [44] and Golchert et al. [43] are significant. The model calculation given in this
work describes the data well in the energy range between 5 and 16 MeV. Below 5 MeV
the model gives too high values and peaks at about 2 MeV. This peak appears unreal and
this may have several explanations. First, the knowledge of the feeding of the isomeric
state from the known discrete states may be incomplete. The isomeric state is fed by the
negative parity discrete levels and the connection between the negative parity discrete
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Figure 5.16: Comparison of the measured cross sections for the 99Tc(n,n’γ)99mTc reaction
with existing data in the 14 MeV region [43–46]and the STAPRE calculation.

levels and the continuum has a step while the number of the negative parity levels is
25% of the full number of discrete levels. In contrast, above 16 MeV the experimental
cross section exceeds the model estimates. This is presently not well understood but may
again be due to the level density model, the detailed feeding of the isomer and/or the
pre-equilibrium model. One may note that the relative constancy of the measured isomer
yield is rather similar to level yields obtained experimentally in other works such as those
on (n,n’γ) and (n,xnγ) channels.

Inelastic scattering cross sections are difficult to measure with the acivation technique
especially at higher energies. Low energy background neutrons and breakup neutrons play
a significant role and contribute appreciably to the measured activity due to the generally
low threshold of these reactions. So far only a few (n,n’) reactions have been studied
in detail, which are listed in Table 5.13. The present measurement thus strengthens the
database to some extent.

5.3.2 99Tc(n,p)99Mo and 99Tc(n,α)96Nb reaction

The measured cross sections for the 99Tc(n,p)99Mo and 99Tc(n,α)96Nb reactions are given
in Table 5.14. The measured and calculated cross sections for the 99Tc(n,p)99Mo re-
action are plotted together with the available literature values and evaluations in Fig-
ure 5.17. Good agreement was found with the recent measurement of Ikeda et al. [46]
and Qaim [44]. However, large discrepancies can be observed with the results of Gold-
stein [45] and Golchert et al. [43]. The latter value is 50 % lower. Apparently both the
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Table 5.13: Some inelastic scattering cross sections

Reaction Reference Energy (MeV)a Half-life
89Y(n,n’γ)89mY [98] 0.909 16.03 s
99Tc(n,n’γ)99mTc this work 0.142 6.01 h
93Nb(n,n’γ)93mNb [146,147] 0.031 16.13 y
115In(n,n’γ)115mIn [61] 0.336 4.486 h
103Rh(n,n’γ)103mRh [148] 0.040 56.12 min
aof the metastable state

JENDL-3.2 and the JEF 2.2 evaluations, the latter being identical to EAF and FENDL,
have been normalised to the earlier 14-MeV data. While the JENDL evaluation slightly
overestimates the excitation curve but otherwise shows the same shape, the JEF evalua-
tion predicts a sharp maximum at about 13 MeV and a following steep decrease, in strong
contrast to the data. Our model calculation describes the experimental values well over
the whole energy range.

Also in the case of the 99Tc(n,α)96Nb reaction, which is shown in Fig. 5.18, good
agreement was observed with the work of Ikeda et al. [46]. The value of Golchert et al. [43]
is again about 50 % too low. Qaim [44] and Goldstein [45] report cross sections, which are
15–20 % higher than the present measured values. This also causes the overestimation
of the JENDL-3.2 and JEF 2.2 evaluations, which are again normalised to those earlier
14 MeV data. Also in this case the JEF evaluation is identical to the FENDL and
EAF evaluations. Up to about 19 MeV the present model calculations represent the
experimental data very well. Only for higher energies does one observe a somewhat
steeper decrease of the measured values that is not followed by the calculations.

Table 5.14: Cross sections for the 99Tc(n,p)99Mo and 99Tc(n,α)96Nb reactions

Neutron energy Cross section (mb)
(MeV) 99Tc(n,p)99Mo 99Tc(n,α)96Nb

8.62±0.22 1.1±0.2 0.6±0.1
9.75±0.23 2.5±0.1 1.1±0.1

10.55±0.24 4.2±0.3 1.7±0.1
11.62±0.27 5.9±0.5 2.5±0.2
12.42±0.28 9.0±0.8 3.4±0.3
13.88±0.16 11.3±0.6 4.5±0.3
14.36±0.20 13.6±1.2 5.7±0.5
14.81±0.18 14.6±1.1 6.1±0.6
16.16±0.26 14.3±0.9 6.3±0.3
17.82±0.19 15.0±0.8 6.3±0.3
19.14±0.21 14.3±0.9 5.8±0.4
20.43±0.18 16.1±1.3 5.3±0.4
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Figure 5.17: Comparison of the measured reaction cross sections for the 99Tc(n,p)99Mo
reaction with existing data in the 14 MeV region [43–46], evaluations and a STAPRE

calculation.
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Figure 5.18: Comparison of the measured reaction cross sections for the 99Tc(n,α)96Nb
reaction with existing data in the 14 MeV region [43–46], evaluations and a STAPRE

calculation.
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5.4 Lead

Both neutron emission and charged particle emission cross sections have been measured
for 204Pb and 206Pb. The measured data are compared with the existing data from
the literature and to the evaluated data files, wherever they exist. For some reactions
the data are compared with the STAPRE calculations done using different optical model
potentials, namely those of Bersillon-Cindro [88] and Koning [149] (see Section 4 on Model
calculations).

5.4.1 natPb(n,x)204Tl reaction

The investigations on the target material lead were mainly motivated by the determination
of the formation cross section of 204Tl. So far no data existed for this reaction and the
existing evaluations are rather discrepant, as one can see from Figure 5.19. Measuring this
cross section by the activation technique is only possible by combining a radiochemical
separation method with low level beta counting. We determined the 204Tl activity via
Liquid Scintillation Counting. The final results are given in Table 5.15.

Our present results confirm to some extent the EAF-99 evaluation, which agrees within
the error bars for two of the three lowest data points. The steep rise of the excitation
function suggested by our data is not found in any evaluation. Also the nuclear model
calculations performed with the code STAPRE do not predict the experimental values,
they overestimate the cross sections by a factor of 2 to 3 and give an excitation function
which is higher than all evaluations.
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Figure 5.19: Comparison of the measured reaction cross sections for the
natPb(n,x)204Tl and 206Pb(n,α)203Hg reaction with existing data [89,99,

145,150], evaluations and STAPRE calculations.
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204Tl can be formed via several reactions, when a lead sample of natural isotopic com-
position is exposed to fast neutrons: The dominant reaction certainly is 204Pb(n,p)204Tl,
but since the isotopic abundance of 206Pb is about 18 times higher than that of 204Pb,
also the 206Pb(n,t)204Tl might play a role, although the cross section is expected to be
rather small. Also possible are contributions from the (n,2n) reaction on 205Tl, which is
a frequent impurity in Pb samples. In this case special care was taken to use a very high
purity lead sample in order to avoid contamination from the latter reaction, which has a
high cross section. It is estimated that the total contribution to the formation of 204Tl
from the interfering reaction 205Tl(n,2n)204Tl is less than 5%.

Table 5.15: Cross sections for the
natPb(n,x)204Tl reaction

Neutron energy Cross section
(MeV) (mb)

20.5±0.1 13.2±1.8
20.0±0.1 8.7±1.1
18.7±0.1 4.5±0.6
18.0±0.1 5.1±1.1

5.4.2 206Pb(n,α)203Hg reaction

Experiments were not devoted to the study of the 206Pb(n,α)203Hg reaction, but prior to
the chemical processing of the Pb samples, γ-ray spectrometry was performed, allowing
the calculation of the (n,α) cross section. Care was taken to guarantee a cooling time long
enough to allow 203gPb to decay, which emits a γ-ray of the same energy as 203Hg (279 keV).
The numerical results of our measurments are given in Table 5.16 and are plotted in
Figure 5.20 together with the existing experimental data in the 14 MeV region. Our Data
are in good agreement with the trend provided by the older measurements, although the
data point at 16 MeV seems to be rather low. JENDL-3.2 gives a good description of the
shape of the excitation function, but is about 10% too high in the investigated energy
range. Both JENDL-ACT and EAF-99 underestimate the cross section. The STAPRE
calculation agrees very well with the measured data, except with the data point at 16 MeV.

Table 5.16: Cross sections for the 206Pb(n,α)203Hg reaction

Neutron energy Cross section
(MeV) (mb)

20.5±0.1 3.7±0.4
20.0±0.1 3.9±0.4
19.2±0.2 3.3±0.3
18.7±0.2 2.6±0.2
17.2±0.1 1.9±0.2
16.1±0.2 0.86±0.09
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Figure 5.20: Comparison of the measured reaction cross sections for the 206Pb(n,α)203Hg
reaction with existing experimental data [89,99,145,150], evaluations and STAPRE calcu-

lations.

5.4.3 204Pb(n,2n)203Pb reaction

An extensive database exists for the 204Pb(n,2n)203Pb reaction, which is shown in Fig-
ure 5.21 together with the present data. The numerical values can be found in Table 5.17.
Our data are in good agreement with the only other measurement above 16 MeV of
Vaughn [49], but our data have a much lower uncertainty. Good agreement was found
with JENDL-3.2, which is only slightly higher than our values. EAF-99 on the other hand
suggests a quite unusual slope of the excitation function, for which no explanation could
be found: the curve shows a sudden downturn at 19 MeV and an even more remark-
able peak at 10 MeV neutron energy. Nuclear model calculations have been performed
using STAPRE and the Optical Model Potential of Bersillon-Cindro and Koning. Both
approaches describe the data well, but the OMP of Bersillon-Cindro performs better in
the here investigated energy range.

5.4.4 204Pb(n,3n)202mPb reaction

The results given in Table 5.18 are the first measurements reported for the 204Pb(n,3n)202mPb
reaction. It is shown graphically with the EAF-99 evaluation in Figure 5.22. Due to the
lack of experimental data EAF-99 overestimates the cross section by more than an or-
der of magnitude in some energy regions. Model calculations were again done using the
STAPRE code with the OMP parameters given by Bersillon-Cindro [88] and Kon-
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Figure 5.21: Comparison of the measured reaction cross sections for the 204Pb(n,2n)203Pb
reaction with existing data [49, 50, 95, 99, 116, 117, 119, 141, 144, 145, 151–156], evaluations

and STAPRE calculations.

Table 5.17: Cross sections for the
204Pb(n,2n)203gPb reaction

Neutron energy Cross section (mb)
(MeV) (mb)

20.5±0.1 1461±140
19.4±0.1 1827±138
19.2±0.2 1852±132
18.7±0.2 1923±147
18.0±0.1 2007±185

ing [149]. Both the curves obtained using these parameters describe the experimenal data
well. The parameters of Bersillon-Cindro result in a curve which is slightly too high,
while Konings parameters lead to a slightly lower curve, but both calculations agree
within the given uncertainties of the measurements.

Table 5.18: Cross sections for the
204Pb(n,3n)202mPb reaction

Neutron energy Cross section (mb)
(MeV) (mb)

20.5±0.1 82.2±12.6
19.4±0.1 18.3±2.2
19.2±0.2 13.4±2.2
18.7±0.2 3.8±0.5
18.0±0.1 0.17±0.04
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Figure 5.22: Comparison of the measured reaction cross sections for the
204Pb(n,3n)202mPb reaction evaluations and STAPRE calculations.

5.4.5 206Pb(n,3n)204mPb reaction

The other (n,3n) process investigated is the 206Pb(n,3n)204mPb reaction, for which already
one measurement exists. It was done by Welch et al. [48] for energies above 20 MeV.
From Figure 5.23 it can be seen that there is a slight mismatch between the present data,
given in numerical form in Table 5.19, and the previous data. The model calculation does
not solve this problem, since it overestimates the data in the energy range above 22 MeV
and underestimates at lower energies.

Table 5.19: Cross sections for the
206Pb(n,3n)204mPb reaction

Neutron energy Cross section
(MeV) (mb)

20.7±0.1 292±31
19.4±0.1 92.1±6.4
18.1±0.1 4.2±0.3
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Figure 5.23: Comparison of the measured reaction cross sections for the
206Pb(n,3n)204mPb reaction with existing data [48], evaluations and STAPRE calcu-

lations.
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Chapter 6

Summary and Conclusions

A good knowledge of neutron induced reaction cross section data is required for testing
nuclear models as well as for many practical applications, especially in the field of nuclear
energy. The cross sections are needed, for example, to estimate the decay heat, activation
of structural materials, gas production etc. in both present day fisson and future fusion
reactors. Another field of application is transmutation of long-lived radioactive wastes in
connection with Accelerator Driven Systems (ADS).

In this thesis work, excitation functions for neutron induced reactions on isotopes of
V, Mo, Tc and Pb have been studied using the activation technique. In total 27 reactions
have been measured in the energy range of 0.5 to 20.6 MeV. These included (n,p), (n,np),
(n,α), (n,nα), (n,n’γ), (n,2n) and (n,3n) reactions on the above mentioned elements. The
radioactive reaction products with half-lives between 58 seconds and 20300 years have been
measured offline via high-resolution γ-ray-spectrometry and Liquid Scintillation Counting,
the latter in combination with radiochemical separation. The 94Nb activity was measured
in the underground laboratory HADES, using ultra low-level γ-ray spectrometry.

Depending on the desired neutron energy three different neutron producing reactions
and experimental setups were used. Irradiations with neutron energies in the range of 0.5
to 6 MeV were done using the 3H(p,n)3He reaction with a solid-state Ti/T target while
energies between 7.4 and 12.5 MeV were covered with the 2H(d,n)3He reaction utilizing
a D2 gas target. Irradiations in the energy range from 13.4 to 20.6 MeV were performed
using the 3H(d,n)4He reaction again with a solid Ti/T target. Most of the reactions
were investigated using a specially designed low mass setup, consisting of an Al support
ring, from which the samples were suspended using small Al rods. This system allows
simultaneous irradiation of several samples at different angles and thus different neutron
energies. The second setup was a pneumatic sample changing system, that was used to
measure reactions leading to products with half-lives between 1 and 10 min. A third setup
was developed for the measurement of the natMo(n,x)94Nb reaction. The long half-life of
20300 years required a sample holder that was optimised for a maximum of sample mass,
an acceptable self-absorbtion in the γ-ray spectrometry and an efficient use of required
long beamtime.

Since the absolute neutron flux was not measured, all cross sections were determined
relative to the 27Al(n,α)24Na standard cross section. The corrections applied to the data
are either due to the irradiation process or due to the measurement of the induced ac-
tivity. Corrections for background neutrons, breakup neutrons, flux fluctuations during
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the irradiation and multiple scattering belong to the first group, while corrections for
coincidences, self-absorption and sample geometry belong to the second group.

Nuclear model calculations were performed for all investigated reactions. For reactions
on 99Tc and Pb the original STAPRE code was used, while a modified version STAPRE-H
was used for reactions on V and Mo.

Measurements on vanadium were motivated by large discrepances in the produc-
tion data for 47Sc, compared to calculations based on EAF-97 and recent irradiations
of V alloys. The natV(n,xα)47Sc cross section, which consists of contributions from the
51V(n,n’α)47Sc and 50V(n,α)47Sc processes, was measured from 11.7 to 20.5 MeV. The
results show that above incident energies of 15 MeV the 51V(n,n’α)47Sc reaction is the
main contributor, while for lower energies the 50V(n,α)47Sc reaction is dominant, 50V
having a natural isotopic abundance of 0.25%. The measurements nicely agree with the
STAPRE-H calculations. In addition the 51V(n,α)48Sc reaction was also investigated, the
measurement being only the second one above 18 MeV. The 51V(n,p)51Ti reaction was
remeasured at two selected energies in order to fill a gap in the excitation function.

A total of 16 neutron induced reactions have been studied on the structural material
Mo. The most challenging among these was the production of 94Nb. It is formed via the
94Mo(n,p) and 95Mo(n,np) reactions. A large sample of about 1.5 kg Mo was irradiated
in a specially developed sample holder for 100 h, giving three energy points. Two of
the samples were measured in the underground laboratory HADES, while the third one
was chemically processed with subsequent standard γ-ray spectrometry. It was possi-
ble to construct for the first time an excitation function for the natMo(n,x)94Nb process,
which is in good agreement with the two existing mesurements at 14 MeV. The use of
enriched samples allowed the distinction between (n,p) and (n,np+pn+d) contributions
to the same activity. The 94Mo(n,2n)93mMo and 100Mo(n,2n)99Mo reactions could also
be advantageously studied through the use of enriched samples by suppressing the con-
tributions from the (n,γ) process to the activity. A comparison with the EAF-99 library
could be made for all the reactions studied, whereas in case of JENDL-3.2 comparisons
are only for reactions with non-isomeric final states. A comparison with the model esti-
mates shows that calculated values agree fairly well with the experimental data except
for the 97Mo(n,np)96Nb and 98Mo(n,np)97m+gNb reactions and, to a lesser extent, the
100Mo(n,α)97Zr reaction. In most cases the model calculations agree more closely with
the data than the EAF-99 evaluation. When available, the JENDL-3.2 evaluation gives a
similar level of agreement except in the case of 97Mo(n,np)96Nb reaction where it agrees
better, and in the case of 100Mo(n,α)97Zr reaction where it is slightly worse.

Three neutron induced reactions on the radioactive fission product 99Tc have been
measured from threshold to 20.6 MeV. These reactions are 99Tc(n,n’γ)99mTc, 99Tc(n,p)99Mo
and 99Tc(n,α)96Nb. For all these reactions only four datasets could be found in the lit-
erature, all done in the 14 MeV region. The induced radioactivity was measured via
γ-ray spectrometry using a Pb absorber between the sample and the detector in order to
suppress the Bremsstrahlung. To date full excitation function of the (n,n’γ) process has
been determined only for a few target nuclei. This measurements thus strengthens the
database to some extent. The excitation curve is well described by the present STAPRE
calculation in the energy range between 5 and 16 MeV, while some discrepancies remain
below 5 and above 16 MeV. Also in case of the 99Tc(n,p)99Mo and 99Tc(n,α)96Nb reac-
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tion this measurement allows for the first time to establish an excitation function from
threshold to 20.5 MeV. Good agreement is observed with model calculations.

The present measurements for lead add substantially to an otherwise poor database.
The results on the natPb(n,x)204Tl and 204Pb(n,3n)202mPb reactions are unique, since no
data exist so far. The first one was only possible to measure via Liquid Scintillation
Counting (LSC) after chemical separation of the pure β−-emitter 204Tl from the irradi-
ated Pb sample. A coprecipitation method was used together with UV spectroscopy to
check the chemical yield of the separation. No agreement was obtaind with the STAPRE
calculation, which gives far too high cross sections. For the other reactions studied, a
good description was obtained with the nuclear model calculation, using OMP from both
Bersillon-Cindro and Koning.

As a result of this thesis work an extended database for neutron induced cross sections
on four elements was obtained. It was possible to establish first excitation functions for
reactions on a radioactive target nucleus, one very long-lived product and one purely β−

emitting product. It was found that existing evaluations are not always reliable in the
prediction of unknown cross sections. Although the experimental results of this work
helped to considerably improve the calculations, some deficiencies still exist in case of
complex particle emission (like d,t,α) and second chance emission (n,np) or (n,pn) etc.
More experimental and theoretical work is thus still needed.
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Chapter 7

Zusammenfassung

Eine gute Kenntnis von neutroneninduzierten Wirkungsquerschnitten ist sowohl zum
Testen von Kernmodellen als auch für viele praktische Anwendungen erforderlich, beson-
ders im Bereich der Kernenergie. Wirkungsquerschnitte werden beispielsweise benötigt,
um Zerfallswärme, Aktivierung von Strukturmaterialien, Gasproduktion usw. sowohl in
heutigen Spalt- als auch in zukünftigen Fusionsreaktoren abzuschätzen. Ein weiteres
Anwendungsgebiet ist die Transmutation von langlebigen Abfällen in Verbindung mit
beschleunigergestützten Systemen (Accelerator Driven Systems, ADS).

In dieser Arbeit wurden Anregungsfunktionen für neutroneninduzierte Reaktionen an
Isotopen des V, Mo, Tc und Pb mittels der Aktivierungstechnik studiert. Insgesamt
wurden 27 Reaktionen im Energiebereich von 0,5 bis 20,6 MeV gemessen. Diese bein-
halteten (n,p), (n,np), (n,α), (n,nα), (n,n’γ), (n,2n) und (n,3n) Reaktionen an obi-
gen Elementen. Die radioaktiven Reaktionsprodukte mit Halbwertzeiten zwischen 58
Sekunden und 20300 Jahren wurden offline mittels hochauflösender γ-Spektrometrie und
Flüssigszintillationszählung bestimmt, letztere in Kombination mit radiochemischen Tren-
nverfahren. Die 94Nb-Aktivität wurde im Untergrundlabor HADES mittels “ultra low-
level” γ-Spektrometrie gemessen.

Abhängig von der gewünschten Neutronenenergie wurden drei verschiedene neutronen-
produzierende Reaktionen und Bestrahlungseinrichtungen verwendet. Bestrahlungen mit
Neutronenenergien im Bereich von 0,5 bis 6 MeV wurden unter Verwendung der 3H(p,n)3He
Reaktion und eines Ti/T Festkörpertargets durchgeführt, während Energien zwischen
7,4 und 12,5 MeV mit der 2H(d,n)3He Reaktion an einem D2 Gastarget abgedeckt wur-
den. Bestrahlungen im Energiebereich von 13,4 bis 20,6 MeV wurden unter Verwendung
der 3H(d,n)4He Reaktion wieder mit einem Ti/T Festkörpertarget durchgeführt. Die
meisten Reaktionen wurden unter Benutzung eines speziell entworfenen, leichten Proben-
halters untersucht, der aus einem Aluminiumring bestand, unter dem die Proben mit
kleinen Aluminiumstangen befestigt wurden. Dieses System gestattete die gleichzeitige
Bestrahlung mehrerer Proben unter verschiedenen Winkeln und somit unter verschiede-
nen Neutronenenergien. Außerdem wurde ein pneumatisches Probentransportsystem ver-
wendet, um Reaktionen zu messen, die zu Produkten mit Halbwertzeiten zwischen 1
und 10 Minuten führen. Als drittes wurde ein spezieller Probenhalter zur Messung der
natMo(n,x)94Nb-Reaktion entwickelt. Die lange Halbwertzeit von 20300 Jahren erforderte
einen Probenhalter, der für maximale Probenmasse, annehmbare Selbstabsorption bei der
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γ-Spektrometrie und effiziente Ausnutzung der Strahlzeit optimiert war.

Da der absolute Neutronenfluß nicht gemessen wurde, wurden alle Wirkungsquerschnitte
relativ zum 27Al(n,α)24NaStandard-Wirkungsquerschnitt bestimmt. Die Korrekturen, die
auf die Daten angewandt wurden, wurden entweder durch den Bestrahlungsprozeß oder
durch die Messung der induzierten Aktivität notwendig. Korrekturen für Untergrund-
neutronen, Breakupneutronen, Schwankungen des Flusses während der Bestrahlung und
Mehrfachstreuung gehören zur ersten Gruppe, während Korrekturen für Koinzidenzen,
Selbstabsorption und Probengeometrie zur zweiten Gruppe gehören.

Kernmodellrechnungen wurden für alle untersuchten Reaktionen durchgeführt. Für Reak-
tionen an 99Tc und Pb wurde der original STAPRE Code verwendet, während für Reak-
tionen an V und Mo eine modifizierte Version STAPRE-H benutzt wurde.

Ein Vergleich von auf EAF-97 basierenden Berechnungen mit Bestrahlungen von V Legie-
rungen zeigte große Diskrepanzen in den Produktionsdaten für 47Sc, wodurch neue Mes-
sungen an Vanadium notwendig wurden. Der natV(n,xα)47Sc-Wirkungsquerschnitt, der
aus Beträgen der 51V(n,n’α)47Sc- und 50V(n,α)47Sc-Prozesse besteht, wurde von 11,7 bis
20,5 MeV gemessen. Die Ergebnisse zeigen, daß oberhalb 15 MeV die 51V(n,n’α)47Sc-
Reaktion am meisten beiträgt, während für niedrigere Energien die 50V(n,α)47ScReaktion
dominiert, wobei 50V eine natürliche Isotopenhäufigkeit von 0,25% besitzt. Die Messun-
gen zeigen eine gute Übereinstimmung mit den STAPRE-H Berechnungen. Zusätzlich
wurde die 51V(n,α)48Sc-Reaktion untersucht, für die bisher nur ein einziger Datensatz
oberhalb 18 MeV vorlag. Die 51V(n,p)51Ti-Reaktion wurde für zwei ausgewählte Energien
gemessen, um eine Lücke in der Anregungsfunktion zu füllen.

Insgesamt wurden 16 neutroneninduzierte Reaktionen am Strukturmaterial Mo studiert.
Die größte Herausforderung unter diesen stellte die Produktion von 94Nb dar. Es wird
gebildet durch die 94Mo(n,p)- und die 95Mo(n,np)-Reaktion. Eine ca. 1,5 kg schwere
Mo Probe wurde in einem speziell entwickelten Probenhalter für 100 h bestrahlt, re-
sultierend in drei Datenpunkten. Zwei der Proben wurden im Untergrundlabor HADES
gemessen, während die dritte chemisch aufgearbeitet und anschließend mittels Standard γ-
Spektrometrie vermessen wurde. Es war zum ersten Mal möglich, eine Anregungsfunktion
für den natMo(n,x)94Nb Prozeß zu konstruieren, die in guter Übereinstimmung mit den
zwei bereits existierenden Messungen bei 14 MeV ist. Die Verwendung von angereicherten
Proben erlaubte die Unterscheidung zwischen (n,p)- und (n,np+pn+d)-Beiträgen zur glei-
chen Aktivität. Die Messungen der 94Mo(n,2n)93mMo- und 100Mo(n,2n)99Mo-Reaktionen
profitierten ebenfalls von der Verwendung angereicherter Proben, da Aktivitätsbeiträge
des (n,γ) Prozesses unterdrückt wurden. Alle untersuchten Reaktionen konnten zur EAF-
99 Bibliothek verglichen werden, während dies im Falle von JENDL-3.2 nur für Reaktionen
möglich war, die nicht zu isomeren Endzuständen führen. Ein Vergleich mit den Modell-
rechnungen zeigt eine recht gute Übereinstimmung der berechneten Werte mit den experi-
mentellen Daten, außer für die 97Mo(n,np)96Nb- und 98Mo(n,np)97m+gNb-Reaktionen und,
zu geringerem Ausmaße, der 100Mo(n,α)97Zr-Reaktion. In der Mehrheit der Fälle stim-
men die Modellrechnungen besser mit den experimentellen Daten überein, als die EAF-99
Evaluation. Soweit vorhanden, gibt JEND-3.2 eine ähnlich gute Übereinstimmung, außer
im Falle der 97Mo(n,np)96Nb-Reaktion, wo sie besser ist, und im Falle der 100Mo(n,α)97Zr-
Reaktion, wo sie etwas schlechter ist.
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Drei neutroneninduzierte Reaktionen am radioaktiven Spaltprodukt 99Tc sind von der
Schwelle bis 20.6 MeV gemessen worden. Diese Reaktionen sind 99Tc(n,n’γ)99mTc,
99Tc(n,p)99Mo und 99Tc(n,α)96Nb. Für all diese Reaktionen konnten nur vier Datensätze
in der Literatur gefunden werden, alle gemessen um 14 MeV. Die induzierte Radioak-
tivität wurde via γ-Spektrometrie gemessen, wobei ein Bleiabsorber zwischen Probe und
Detektor verwendet wurde, um die Bremsstrahlung zu unterdrücken. Bisher wurden nur
für wenige Nuklide komplette Anregungsfunktionen des (n,n’γ) Prozesses bestimmt. Die
Messung erweitert also die Datenbank zu einem gewissen Maße. Die STAPRE Berech-
nung reproduziert die Anregungsfunktion gut im Energiebereich zwischen 5 und 16 MeV,
allerdings bleiben gewisse Abweichungen unterhalb 5 MeV und oberhalb 16 MeV. Auch
im Falle der 99Tc(n,p)99Mo- und 99Tc(n,α)96Nb- Reaktionen erlaubt diese Messung zum
ersten Mal, eine Anregungsfunktion von der Schwelle bis 20,5 MeV aufzustellen. Die
Modellrechnungen stimmen gut mit den experimentellen Daten überein.

Die hier präsentierten Messungen an Blei tragen wesentlich zu einer bislang unvollständigen
Datenbank bei. Die Ergebnisse für die natPb(n,x)204Tl- und 204Pb(n,3n)202mPb-Reaktionen
sind einmalig, da bis jetzt noch keine Daten existierten. Die Messung der ersten Reaktion
war nur möglich mittels Flüssigszintillationszählung mit einer vorhergehenden chemis-
chen Abtrennung des reinen β−-Emitters 204Tl von der bestrahlten Bleiprobe. Eine
Mitfällungsmethode wurde verwendet in Kombination mit UV-Spektrometrie zur Kon-
trolle der chemischen Ausbeute. Keine Übereinstimmung konnte mit der STAPRE-
Berechnung erzielt werden, die wesentlich zu hohe Wirkungsquerschnitte ergab. Für die
anderen untersuchten Reaktionen konnte ein gute Beschreibung erhalten werden, sowohl
mit dem OMP von Bersillon-Cindro als auch dem von Koning.

Als Ergebnis dieser Arbeit wurde eine ausführliche Datenbank für neutroneninduzierte
Wirkungsquerschnitte an vier Elementen erhalten. Es war möglich, die ersten Anregungs-
funktionen für Reaktionen an einem radioaktiven Targetkern, für ein sehr langlebiges
Reaktionprodukt und für ein nur β−-emittierendes Produkt aufzustellen. Es stellte sich
heraus, daß existierende Evaluationen nicht immer verläßlich in der Lage sind, unbekan-
nte Wirkungsquerschnitte vorherzusagen. Obwohl die experimentellen Ergebnisse dieser
Arbeit erheblich dazu beigetragen haben, die Kernmodellrechnungen zu verbessern, ex-
istieren immer noch Abweichungen im Falle von Emissionen komplexer Teilchen (wie d,
t, α) und “second chance” Emission (n,np) oder (n,pn) usw. Folglich sind noch mehr
experimentelle und theoretische Arbeiten notwendig.

89





References
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[53] S. M. Qaim, R. Wölfle, M. M. Rahman, and H. Ollig, Measurement of (n,p) and
(n,α) reaction cross sections on some isotopes of nickel in the energy region of 5 to
10 MeV using a deuterium gas target at a compact cyclotron, Nucl. Sci. Eng. 88,
143–153 (1984).

94



References
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motionsverfahrens nicht vornehmen werde. Die Bestimmungen dieser Promotionsordnung
sind mir bekannt. Die von mir vorgelegte Dissertation ist von Prof. Dr. Dr. h. c. S. M.
Qaim betreut worden.

Peter Reimer
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