Production of Light and Intermediate
Mass Residual Nuclides
by Proton Induced Reactions at

Medium Energies

Der Fakultéit fiir Mathematik und Physik
der Gottiried Wilhelm Leibniz Universitdt Hannover

zur Erlangung des Grades
Doktorin der Naturwissenschaften
Dr. rer. nat
genehmigte Dissertation

VOIl

Dipl. Ing. Mihaela Tutuc

geboren am 25. Mai 1981 in Bukarest, Ruménien



Referent: Prof. Dr. Rolf Michel
Korreferent: PD Dr. Ingo Leya
Tag der Promotion: 10. November 2009



How are we to be happy without curiosity,
without questions, doubt and arguments?

Without joy in thinking?

Pascal Mercier






To Daniel






Abstract

Cross sections for the production of residual nuclides are a key issue for medium
energy applications. Due to the large range of relevant target elements and the amount
of product nuclides it will not be possible to measure all the cross sections needed. One
will have to widely rely on models and codes to calculate the required data. The demand
for reliable theoretical predictions of production cross sections is by no means satisfied
by the models and codes which are available today. In this context it is essential that
reliable and comprehensive databases do exist which can serve as benchmarks for code
development and validation.

In this work a systematic survey was done for the production of intermediate
mass fragments by proton induced reactions. It covers all previous available and new
data for the production of residual nuclides with masses between 3 and 30, over an
energy range extending from thresholds up to 2.6 GeV with targets spreading over
the entire chart of nuclides. The experimental data are exemplarily compared with
calculations using the TALYS and INCL44+ABLA codes.

This study was performed as a contribution to the NUDATRA work package
5.4 “High Energy Experiments for Radioactivity, Chemical Modifications and Damage
Assessment” for the EUROpean Research Programme for the TRANSmutation of High
Level Nuclear Waste in an Accelerator Driven System (EUROTRANS).

We have extended the range of this survey and a number of elder experiments
were evaluated and the results are now available. Cross sections for energies up
to 2.6 GeV were obtained also for residual nuclides with masses higher than 30 by
combined experiments using accelerators at LNS/Saclay (E=200-2600MeV) and at
TSL/Uppsala(E=70-180MeV). Cross sections were determined by target activation
experiments and offline y-spectrometry of radionuclides at the Center for Radiation
Protection and Radioecology, ZSR, Leibniz Universitidt Hannover.

The capabilities of some available codes to predict cross sections for the
production of residual nuclides in thin and thick target experiments are tested and a

comparison between experiment and theory is made.

Keywords: cross sections, residual nuclides, protons, medium energy
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Kurzzusammenfassung

Wirkungsquerschnitte fiir die Erzeugung von Restkern-Nukliden sind von sehr
grofser Bedeutung fiir Anwendungen in Bereich der mittleren Energien. Durch die
Vielzahl relevanter Target-Elemente und Produkt-Nuklide ist die experimentelle Er-
mittlung aller notwendigen Wirkungsquerschnitte nicht moglich, sodass man auf die
Berechnung der benétigten Daten mithilfe von Modellen und Rechencodes angewiesen
ist. Allerdings kann die grofte Nachfrage nach zuverldssigen theoretischen Vorhersagen
von Erzeugungswirkungsquerschnitten nicht annédhernd durch die bereits verfiighbaren
Modelle und Codes gedeckt werden. In diesem Zusammenhang sind zuverldssige und
umfassende Datensitze, die als Vergleichbasis fiir die weitere Entwicklung und Vali-
dierung von Programmpaketen dienen, unerldsslich.

Diese Arbeit gibt einen systematischen Uberblick iiber die Erzeugung mit-
telschwere Restkerne durch protoneninduzierte Reaktionen. Dabei werden im beriick-
sichtigten Energiebereich bis 2,6 GeV alle bereits verfiigharen und neuen Daten fiir
die Produktion von Restkernen mit 3<A <30 und mit iiber die gesamte Nuklidkarten
verteilten Target-Nukliden abgedekt. Die Experimentellen Date werden exemplarisch
mit Berechnungen anhand der Programme TALYS und INCL4+ABLA verglichen.

Diese Untersuchung ist ein Beitrag fiir das NUDATRA arbeitspaket 5.4 “High
Energy Experiments for Radioactivity, Chemical Modifications and Damage Assess-
ment” des “EUROpean Research Programme for the TRANSmutation of High Level
Nuclear Waste in an Accelerator Driven System” (EUROTRANS).

Anschlieffend konnten mittels der Auswertung fritherer Messungen iiber die
bereits gennanten Untersuchungen hinausgehende Erkenntnisse gewonnen werden.
So wurden durch Aktivierungsexperimente and den Beschleunigern LNS/Saclay
(E=200-2600MeV) sowie TSL/Uppsala(E=70-180MeV) Wirkungsquerschnitte fiir En-
ergien bis zu 2,6 GeV zusétzlich auch fiir Restkerne mit A>30 ermittelt. Die Messung
der Wirkungsquerschnitte erfolgte durch Offline-Gammaspektrometrie am Zentrum fiir
Strahlenschutz und Radiotkologie (ZSR) der Leibniz Universitit Hannover.

Die Leistungsfihigkeit einiger verfiigharer Programmpakete im Hinblick auf die
Berechnung von Wirkungsquerschnitte fiir die Erzeugung von Restkern-Nukliden in
diinnen und dicken Targets wird anhand des Vergleichs von experimentellen und theo-
retischen Daten analysiert.

Schlagworte: Wirkungsquerschnitte, Restkern-Nukliden, Protonen, mittlere

Energien
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1 Introduction

The atomic nucleus is a fascinating object to study. The properties of nuclei are
important for such diverse phenomena as energy generation in stars and the design of
microelectronic devices. Although nuclei have been studied for over a century there are
still open questions. For example, properties of nuclei far from the valley of stability,
the formation of super-heavy elements and nuclear reactions which result in nuclei with
high excitation energy. No complete theoretical description exists of these reactions
but many models have been created, e.g. [Ni95, Gu83, Bo95a, Aidl|, which are able
to explain some features of the reactions, such as direct reactions, pre-equilibrium
emission, evaporation and multifragmentation. The models often rely on assumptions
which may not be justified in the whole energy range from a few MeV to several GeV
and no firm energy limits exist where these assumptions are valid. Even within the
same energy interval physically different models exist, e.g. [Ni95, Gu83|. In order to

experimentally distinguish between the models, more high quality data are needed.

The reactions cross section gives the probability that a particle will undergo a
nonelastic process when passing through a nuclear medium. Therefore reaction cross
section data are of importance, not only from a theoretical point of view, but also for
applications in such diverse fields as medicine, biology, astrophysics and accelerator-

driven transmutation of nuclear waste.

Protons have been used for treatment of cancer and other medical conditions for
more than 50 years. The treatment utilizes the effect of the Bragg peak, where the
main part of the delivered dose is distributed in a well defined and relatively small
region, minimizing the dose to normal tissue surrounding the target. Although the
proton energy is deposited mainly through electromagnetic interactions with atomic
electrons, large improvements of the therapeutic methods may be achived with better
information about the nuclear reactions that also occur in the human body during
treatment, primarily with C, O and Ca. The use of radioactive isotopes for medical
diagnosis and treatment is a growing industry, where a variety of isotopes spread over
the periodic table are used. While many of the isotopes are produced in nuclear reactors
through neutron capture and fission, others are preferably produced with accelerated
proton beams in the intermediate energy range, or with novel techniques where an
intense neutron source is created with a proton beam interacting with light or heavy

targets.

The interaction of high energy cosmic radiation with biological matter is of con-

cern, not only for astronauts, but also for passengers in comercial airplanes. The
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projectile-target combinations of interest are similar to those for medical therapy, as
well as the natural elements of air (N, O, Ar) and potential shielding materials in

manned spacecrafts (H, C, Al).

Digital electronic devices may suffer random re-programming or permanent dam-
age, so-called Single Event Effects (SEE) and Single Event Upsets (SEU), when a single
ionizing particle from cosmic radiation (mainly protons) deposits free charge within the
device. This effect is relatively small at sea level due to the natural shielding from the
atmosphere, but the problem increases with altitude and is therefore of concern for
airplane and satellite electronics. An obvious target for the study is 28Si, the basic
material for most of nowadays electronic devices, but other nuclides used in electronic

components are also of interest.

Cross sections for the production of residual nuclides by proton induced reac-
tions are basic nuclear quantities for an accurate modelling of the interaction of solar
cosmic protons with matter, e.g. meteorites, planetary surfaces and the upper earth
atmosphere. By these interactions a large variety of stable and radioactive nuclides -
the so-called cosmogenic nuclides - are produced and can be measured either by their
decay or as positive isotope anomalies in the target materials. The study of cosmogenic
nuclides is relevant for geo- and cosmochemical processes and allows the description of

the cosmic ray exposure history of lunar samples, meteorites and cosmic dust.

Several projects involving large scale accelerator driven systems (ADS) are under
development for subcritical nuclear energy production as well as for the reduction of
long-lived radioactive waste through nuclear transmutation. The basic idea for such
systems is to use high-intensity proton accelerators for the production of an intense neu-
tron flux through spallation processes. The neutrons, with energies from the thermal
region up to 1 GeV, will then drive the subcritical nuclear reactor. While these projects
obviously require large amounts of nuclear data for intermediate energy neutrons, the
accelerator driven neutron source also requires better information of proton induced
reactions for the neutron production target (Pb, Bi, W, U), as well as for surrounding
structural materials (Al, Fe, Ni, Zr). An overview of the above described applications

of reaction cross-sections is given in Table 1.

The various applications described in this chapter reveal an extensive need of
nuclear data for a vast number of nuclei, reaction type, and over a large energy range.
The OECD Nuclear Energy Agency (NEA) has issued a report on an evaluation of
intermediate energy data [Ko98|. In the report it was emphasized that if all the mea-
surements important for various applications would be performed it would keep the

existing experimental facilities busy for about a millenium. Therefore one will have



Nuclear Physics

Systematic of nuclear reactions

Pre-equilibrium and intra-nuclear cascade model

Pre-equilibrium decay, spallation and fragmentation

Fission at medium energies

Astrophysics

e Abundance of heavy CR particles
e p-process nucleosynthesis
e T-Tauri and WR stars

Cosmophysics and -chemistry

e Cosmic ray exposure history of extraterrestrial matter
e Terrestrial ages of meteorites
e Variations of cosmic radiation with space and time

Particle Accelerator Technology

Activation of detectors

Radiation protection

Online mass separation

Radioactivity in beampipes
Medicine

e Radionuclide production

e Radiation therapy
Space and Aeronautical Technology

e Radiation protection

e Material damage

Table 1.1: Examples for applications of nuclear data.

to rely widely on models and codes to calculate the required data. The demand for

reliable theoretical predictions of production cross sections is by no means satisfied by

the models and codes which are available today. In this context it is essential that

reliable and comprehensive databases do exist which can serve as benchmarks for code

development and validation.
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2 Aim of this work

One of the goals of this work is to complete the cross-sections database
for proton induced reactions by the evaluation of previous ~-spectrometric mea-
surements and by the measurement of long-lived radioactive progenitors in tar-
gets of earlier experiments performed using accelerators at LNS(Laboratoire Na-
tional Saturne)/Saclay (E—=200-2600MeV) and at TSL(Svedberg Laboratory Upp-
sala)/Uppsala(E=70-180MeV).

As a contribution to the NUDATRA work package 5.4 "High Energy Experiments
for Radioactivity, Chemical Modifications and Damage Assesment" for the EUROpean
Research Programme for the TRANSmutation of High Level Nuclear Waste in an
Accelerator Driven System (EUROTRANS) a systematic survey shall be performed,
in the second part of this thesis, for the production of intermediate mass fragments by
proton induced reactions. This study will cover all previous available and new data
for the production of residual nuclides with masses between 3 and 30, over an energy
range extending from thresholds up to 2.6 GeV with targets spreading over the entire
chart of nuclides. This will contribute to testing the recently developed codes TALY'S
and INCL4 and to do empirical systematics to see whether residual nuclides production

and light particle production can be attributed to the same production mode.
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3.1

3 Theoretical Background
3.1 Nuclear Reactions

Radioactive decays of nuclides allow obtaining informations about them. This
informations are however limited to a small number of nuclides - the naturally radioac-
tive ones - and only to some of their properties. We have to emphasize that the number
of naturally radioactive nuclides is small and is limited, with a few exceptions, to the
nuclides from the three main radioactive series; the number of radioactive nuclides
artificially produced, in nuclear reactions, is considerably bigger. This is the reason
why the information gained from radioactive decays is for the artificial radionuclides

produced in nuclear reactions.

Nowadays, it is well known that nuclear reactions are the main “source” for
informations about the properties of nuclei: dimensions, charge and mass distribution,
kinetic, electric and magnetic moments for the ground states and for the excited states,

probabilities of transition etc.

These informations are the basis for our knowledge about the fundamental laws of

matter since substantial parts of the universe is concentrated in the atomic nuclei.

Nuclear reactions are described by specifying the type of the incident radiation,
the nuclear target, the products of the reaction, the probability that the reaction will
take place, called “cross section”, and the distributions in energy and angle of the

reaction products.

A nuclear reaction can be defined as the change in the identity or characteristic
of an atomic nucleus, induced by bombarding it with an energetic particle. The bom-
barding particle may be an alpha particle, a gamma ray photon, a neutron, a proton or
a heavy ion. A typical nuclear reaction involves two reacting particles - and produces
new particles - a residual product nucleus and one or more lighter ejected particle. In
the first observed nuclear reaction (1919), Ernest Rutherford bombarded nitrogen with
alpha particles and identified the ejected lighter particles as hydrogen nuclei or protons
(*H or p) and the product nuclei as a rare oxygen isotope. In the first nuclear reac-
tion produced by artificially accelerated particles (1932), the English physicists J.D.
Cockcroft and E.T.S. Walton bombarded lithium with accelerated protons and thereby

produced two helium nuclei, or alpha particles.

A nuclear reaction can be written:

r+ X --» [ X*] -2 Y +y,

7



3 THEORETICAL BACKGROUND

where z is the projectile, X is the target nucleus, X* is the excited composite nucleus,

Y is the product nucleus, and y is the ejectile.

For a nuclear reaction to occur the incident particle must interact with the nucleus.
And in this situation the energy must be high enough to overcome the Coulombs barrier
between the interacting partners. Observation has proved that if the energy is lower
than the height of the Coulomb barrier, the nucleons will bounce each other. The

height of the barrier depends on the atomic numbers of target and projectile nuclei,

ie.,
1 Z1 e ZQ e
E. = 3.1
4meg r (3.1)
or p p
B =222t (3.2)
r

r represents the distance between the two nuclides. This holds down to a distance r;

where the nuclear forces becomes operative. For r; we have the relation
. 1/3 1/3

with
ro = 1.4 x 107 ®cem (3.4)

3.1.1 Q-Value for a reaction

In a nuclear reaction, from conservation of energy, the total energy including the

rest-mass energy must be the same before and after the reaction i.e.

(Z[EZ + mic2])before - (Z[Ez + micz])after (35)

i i
where F; and m; are the kinetic energy and rest mass of particle respectively. Any
change in the total kinetic energy before and after the reaction must be accompanied
by an equivalent change in the total rest mass. The ¢)-value of a reaction is defined as

the change in kinetic energy or rest mass in a reaction i.e.

Q = (kinetic energy)afier — (Kinetic energy)pefore (3.6)
or
Q = (rest mass)afierC® — (Test Mass)peforeC’ (3.7)

8



3.1 Nuclear Reactions

If the kinetic energy of the products is greater than that of the reactants, the reaction
is exothermic and @) is positive. If energy is required to induce a reaction, the reaction
is endothermic and @) is negative. In such endothermic reactions a minimum kinetic

energy of reactants is required for the reaction to proceed.

In a binary nuclear reaction a + X — Y + b, the ¢)-value is given by
Q = (By + Ey) — (E, + Ex) = [(ma + mx) — (my +my)] ¢ (3.8)

In most binary reactions, the number of protons is conserved and the same number
of electron masses can be added to both sides of the above reactions. Neglecting the
differences in electron binding energies, the ¢)-value can be expressed in terms of atomic

Q = (By + Ey) — (B, + Ex) = [(My + Mx) — (My + M,)] ¢*. (3.9)

In radioactive decay reactions a parent nuclide decays to a daughter with the emission
of a particle, i.e. P — D+d . The @Q-value is given by @ = (Ep+ E4) since the parent

nuclide is at rest, hence
Q = (Ep + Ey) = [mp —mp — mg) & > 0. (3.10)

It should be noted that in some types of radioactive decay, such as beta decay and
electron capture, the number of protons is not conserved. In such cases the evaluation

of the @-value using atomic masses may be inaccurate.

3.1.2 Threshold energy for a nuclear reaction

The actual amount of energy required in the laboratory frame to bring about
a nuclear reaction is slightly greater than the ()-value. This is due to the fact that
not only energy but also momentum must be conserved in any nuclear reaction. From
conservation of momentum, a fraction m,/(m, + Mx) of the kinetic energy of the
incident particle a must be retained by the products. This implies that only a fraction
Mx /(mq + Mx) of the incident particle mass is available for the reaction. It follows

that the threshold energy is higher than the ¢)-value and is given by

Q(ma + MX)

B, —
th MX

(3.11)
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3.1.3 Nuclear reaction cross-section

In a nuclear reaction a fraction of particles is absorbed and another one is scat-

tered. The macroscopic cross section > is defined as:
.= No,

where N is the number of target nuclei per unit volume and o is the cross section.
The mechanism involved during the interaction of a particle with nuclei has different

values of cross sections:
scattering: o5 = 0. + 04
absorbtion: o, = 0, + 0

If we combine all these cross section values we get the macroscopic cross section in the
form
Etot = Es + Ea (312)

the resulting >, is the probability per unit path length that any type of reaction will
occur [Ha87].

Let us assume that a beam of an area A interacts with the foil. We say that part
of the particle beam reacts with the target. Suppose that the foil has N(atoms/cm?),
then the area A covered by the nuclei is N(atoms/cm?) x A(cm?)x the effective area,
which is subtended by one atom (¢cm?/atom). So we can say to this effective area as a

cross section of the nuclear reaction o

number of reactions per unit time (3.13)
o= .
number of target nuclei(N) x projectile flux density (P)

Typical nuclear diameter is of the order of 1072 cm. We might therefore expect the
cross section for the nuclear reaction to be the order of 72, or 10724 cm~2. It has been
found convenient to use the separate name for this area. The name adopted is barn

and is equivalent to 10~ >*cm~2.

3.1.4 Regimes of nuclear reactions

An outline of the general theory and modeling of nuclear reactions can be given

in many ways.

e A common classification is in term of time scales: short reaction times are as-
sociated with direct reactions and long reaction times with compound nucleus

processes. At intermediate time scales, pre-equilibrium processes occur.

10



3.1 Nuclear Reactions

Compound Pre-equilibrium Direct

E out
< reaction time

Figure 3.1: Schematical drawing of an outgoing particle spectrum. The energy regions
to which direct (D), pre-equilibrium (P) and compound (C) mechanisms contribute are
indicated. The dashed curve distinguishes the compound contribution from the rest in
the transitional energy region, [Ko07].

e An alternative, more or less equivalent, classification can be given with the num-
ber of intranuclear collisions, which is one for direct reactions, a few for pre-e-
quilibrium reactions and many for compound reactions, respectively. As a conse-
quence, the coupling between the incident and outgoing channels decreases with
the number of collisions and the statistical nature of the nuclear reaction theories

increases with the number of collisions.

e Another way to classify nuclear reactions can be made in terms of energy of the

incident particle.

1. At low energy there are two main competing reactions: direct reactions and
compound reactions.

When the energy of a projectile is higher than the Coulomb barrier it interacts
with the nucleons in the target nucleus. The projectile can either be absorbed and form
a new nucleus, more probable at lower energies, or interact with individual nucleons
and then leave the nucleus. When the incoming proton interacts only with one or a few
nucleons in the target it is called a direct reaction. Direct reactions occur preferably in
peripheral collisions since the nuclear density is lower at the surface. The transfer of
energy and momentum to the nucleus is usually low in direct reactions, therefore the

outgoing proton has almost the same energy as the incoming one.

11



3 THEORETICAL BACKGROUND

The reaction for the formation of a compound nucleus takes place in two different steps.
In the first phase the projectile particle interacting strongly with the target nucleus
will distribute all its energy on the target nucleons. A compound nucleus is formed in
an excited state containing now both the nucleons of the projectile and of the target

nucleus. A compound nucleus reaction can be represented as follows:
r+ X -+ X)"—-y+Y

The nucleus created in the first stage of the reaction can have high excitation
energy and be unstable. Fluctuations of the energy of the nucleons can make, in the
second step, one or several nucleons, a fragment, get enough energy to escape from the
nucleus, thus reducing the mass, charge and excitation energy. If the remaining nucleus
has enough energy more nucleons or fragments are emitted until the excitation energy
gets too low for further emission of nucleons and the nucleus decays by gamma or beta
emission to the ground state. The analogy with water molecules boiling off heated
water has given this process the name evaporation. Evaporation is the origin of most
low energy nucleons and fragments emitted in the reactions. However, very low energy
protons and fragments are, because of their electric charge, prevented from escaping the
nucleus by the Coulomb barrier. A small number of light nuclei can tunnel through the
potential barrier or be emitted by other processes, for instance fission in case of heavy
nuclei [Ma06]. These fragments can carry valuable information on different reaction
mechanisms other than evaporation. An interesting feature of evaporation is that the
compound nucleus has no memory of the way it was formed, the decay is independent
of the reaction in which it was created [Go50].

It is not absolutely necessary that the energy of the projectile to be distributed
on “all” the nucleons in the target nucleus. It can also interact with several nucleons
successively and transfer part of its energy in every collision and as a result the total
energy transfer is large. The probability of many nucleon interactions is largest in
central collisions. The energy transfered from the incoming particle to the target
nucleons is shared evenly between them after many collisions among them. When this
occurs the nucleus has reached equilibrium. Before equilibrium is reached nucleons
can be emitted [BI75] and they are called pre-equilibrium particles. The experimental
signatures of these particles are the particles emitted with energies just below the
nucleons coming from direct reactions [Sa80|. In all of the mentioned scenarios an

excited nucleus, i.e. a compound nucleus, is left after the first stage of the reaction.

2. Over the entire energy range nuclear reactions can be classified as follows:

12



3.1 Nuclear Reactions

e low energy reactions, for energies up to 50 MeV
e intermediate energy reactions, for energies from around 200 MeV up to a few GeV

e high energy reactions, for energies higher than a few GeV

_ I
fragmentation

] high energy

reactions
preequilibrium |} ‘

compound reactions

nucleus spallation
reactions i reactions

1 10 100 1000 10000
Energy in MeV

direct reactions

Figure 3.2: Dependence of the reaction mode on energy.

It must be emphasized that there is no strict definition for the term “medium
energy reactions”. In this work is understood as reactions at energies above 50 MeV
and below a few GeV (Figure 3.2 ). A detailed treatment of proton induced reactions
at medium energies has to take into account a variety of phenomena such as spallation,
fission and (multi)-fragmentation, the definitons and regimes of which overlap and are
not well defined. Some details of the reactions mentioned will be shortly mentioned in
what follows.

In “Nuclear Physics Academic Press ” the defition of spallation is the following:
a type of nuclear reaction in which the high-energy level of incident particles causes the
nucleus to eject more than three particles, thus changing both its mass number and its
atomic number. In the context of ADS or high intense neutron sources spallation is seen
as the desintegration of a nucleus by means of high energetic proton induced reactions.
In this way aproximately 40 neutrons per incident GeV proton are produced, a number
that represents as much as 20 times as for a fission reaction in a conventional nuclear
power plant with energy spectra of the neutrons similar up to the evaporation regime,
but extending to higher energies up to the incident proton energies in case of spallation
reactions. An energetic particle entering a massive target gives rise to a complex chain
of interactions resulting in the emission of various particles, some of which are able

to escape the target volume. The latter particles can be detected in the experiment

13



3 THEORETICAL BACKGROUND

and provide information on the transport process involved. These processes can be
viewed as a convolution of two types of cascades [Se47|, such that particles released in
a primary intra-nuclear cascade (INC) give rise to a inter-nuclear cascade of secondary
and higher order reactions in the surrounding target material. A description of this

reactions can be seen in Figure 3.3.

Atomic Processes Spallation
Ry . ' :
-ionization - Intra-Nuclear Cascade - - Inter-Nuclear Cascade ’
-Coulomb scattering nuclear reactions within ¥ nuclear reactions within
the "primary' nucleus further nuclei
Intra Nuclear
direct n.R /'
b
primary nuclear
v
! !
/’, .‘ }
direct n.p e 8
' ., p.n, 7T, L
.
. 0,4/ . :
Il atl *a. X high energy particles
Pre-evaporation ' ~_.. 8 gy p
n Evaporation %
S -
or Fission
at
I g T
a 26 ns
. 1
.\.-ulu'.yu\!:.uxll\l|||||m leus » / s /\.‘
o p.ndtmoy
> \ T Photons electrons, neutrinos
Protons bound in nucleus ow energy particles
P /

Figure 3.3: Tllustration of particle interactions on the intra-, inter- and evaporation
level, [Go04].

In the first stage the high energetic particle interacts with the individual nucleons
instead of the formation of a compound nucleus as in low energy reactions. Initial
collision leads to an ejection of nucleons and pions, which still have enough energy to
produce a cascade reaction (intranuclear cascades). After this phase the nucleus is left
in an excited state and goes to the ground state by evaporation of nucleons, mostly
neutrons. In the secondary stage of the spallation reaction also fission may occur.
Fission is the binary splitting of an excited nucleus into two approximately equal parts
(Figure 3.4). It is understood as a consequence of the deformation when repelling
electrostatic Coulomb forces on the proton overbalance the short ranging attractive
nuclear forces. A ground-state-deformed nucleus is situated in the minimum of the
potential energy which increases with increasing deformation towards the so-called

saddle point deformation. Beyond the saddle point the potential energy declines due

14



3.2 Experimental Approach

to the decreasing Coulomb repulsion until the scission point is reached. Then the

nucleus is constricted in such a way that fragmentation into two parts is likely.

The Fission Process neutron
A fission
product
\ /
J_. > J neutron
neutron
target \ fission
nucleus product
J neutron

Figure 3.4: Tllustration of a fission reaction

Another process occurs with the formation of intermediate mass fragments
(IMFs) at higher temperatures as a consequence of incresing thermal motion linked
with the increasing mean distance of the nucleons. An excited remnant achieves ther-
mal equilibrium state and then expands, eventually reaching the freeze-out volume. At
this point it fragments into neutrons, light charged particles and IMFEs. This process is
called multi-fragmentation. Due to the short ranging nuclear forces of nucleons the
mean field collapses and IMFs are formed by condensation. For more details on the

above described phenomena the reader is kindly refered to [Go04].

3.2 Experimental Approach

The measurement of integral cross-sections for the production of residual nuclides
by proton induced reactions can be achieved using two different methods: classical
kinematics and inverse kinematics. In what follows the two methods will be shortly

described and the advantages and disadvantages of using them will be emphasized.

3.2.1 Classical kinematics

Classical kinematics consists in the irradiation of a target with protons or neu-

trons of the energy of interest and by analysing the produced species after irradiation
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Direct kinematics Inverse kinematics

3 3 Reaction
products
Proton Heavy
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Liquid
Heavy hydrogen
target target

Figure 3.5: Classical kinematics versus Inverse kinematics

by means of off-line y-spectrometry or by off-line and on-line mass spectrometry. The
target can be irradiated either in the form of single foils or directly as a whole foil
pile, called “stack”, hence the name of this method: “stacked-foil technique” (Figure
3.6). Both have advantages and disadvantages. During the irradiation of single foils
unwanted reactions of secondarily produced particles in the target can be neglected,
which is not always ensured in massive stacks. If many targets are to be examined, the
irradiation of single foils is time consuming and not cost effective, so the stacked foil
technique is prefered. This experimental approach allows the determination of cross-
sections for several projectile energies because the primary particle meets the different
targets with different energies, due to its deceleration in the stack. It provides very
important information on the energy dependence of the production of specific nuclides
which is extremely valuable for the understanding of the energy dependence of the
different reaction mechanisms. Because of the time delay between the irradiation and
measurement results are confined to residual nuclides with usually at least few hours
half-lifes which mostly reveal a cumulative production due to the decay of short lived
progenitors. So this method can only give a limited insight into the reaction mechanism

and information on the reaction kinematics is also not easily accesible.

3.2.2 Inverse kinematics

Inverse kinematics consists in the bombardment of an hydrogen target with heavy

projectiles (Figure 3.7). In this case the heavy target nuclei acts as projectile. The
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3.3 Determination of Cross-Sections for the Production of Residual Nuclides

/F:roton Beam

Figure 3.6: Example of an experimental setup for the stacked foil technique

reaction products are identified in-flight in a high resolution spectrometer and their
mass and atomic number are determined. At the same time, information on the reaction
kinematics is available, permitting to distinguish between fragmentation and fission
products, due to their different kinematic properties. Using this technique all the
primary residuals can be identified at certain energy points but not over the whole

energy range desired, due to the efforts needed to perform this type of measurements.

The combined information of these two experimental techniques, however, provide a
basis for an improved understanding of nuclear reaction aspects and for improvements
of the nuclear models, which now allow performing considerably more realistic calcula-

tions.

3.3 Determination of Cross-Sections for the Production of
Residual Nuclides

3.3.1 General case

Consider the nuclear reaction T(p,x)R, where a projectile p incident on the
target nucleus T produces the residual R and an emitted particle x. Here @ is the
projectile flux density. The cross-section o represents the probability of occurring the

reaction. The produced residual nuclide R with half-life T}, is also radioactive and is

n(2)

subject to the decay law N(t) = Noe ™ with decay constant A = T

. 'The decay rate

17
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Figure 3.7: Example of an experimental setup for the inverse kinematics technique:

Schematic view from above of the horizontal section of the experimental setup [Ri06]
(FRS-fragment separator was used as a high resolution spectrometer)

for the residual is therefore:

% =op®pNr — ANg (3.14)
which follows, with the initial condition Ngz(t =0) =0,
Ng(t) = @(1 — et < tgor (3.15)
At the end of the irradiation with the duration ¢;.. the activity becomes:
A(tgor) = ANg = op®pNp(1 — e i) (3.16)

In a measured ~-spectrum we obtain a number C' of counts in a net full-energy peak

at v energy E, where a nuclide emits y-quanta with an abundance I (

E.) which are
detected with an efficiency €., (E,). C is related to the activity A of this nuclide between

the beginning of the counting (BoC) and the end of the counting (EoC) according to

tEoC
C¢= / dte (Ey) 1, (E;)A(t)
tBoC

(3.17)
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3.3 Determination of Cross-Sections for the Production of Residual Nuclides

Integration of Eq. 3.17 yields for the activity at the end of irradiation (Eol)

A My
Altmor) = 7 )

(3.18)

with t. = tg,c — toc being the counting time, t; = tg,c — tgor the decay time between
end of irradiation (Fol) and beginning of count (BoC). The production and decay of
the nuclide during the time of irradiation ¢;.,. of a sample consisting of N target atoms

with projectile of flux density ® is for negligible burn-up of the targets described by:
A(t) = Npo®(1 — e),0 <t < iy, (3.19)

with the cross section o to be determined. Combining Eq. 3.18 and Eq. 3.19 yields:

C)\ €>\td
T Le,®Np (1 — e HMe)(1 — e~ M)

g

(3.20)

3.3.2 Independent and cumulative cross-sections

Equations 3.19 and 3.20 are strictly valid only for the so-called independently
produced radionuclides because the only production mechanism assumed is the nuclear
reaction leading to the produced nuclide. But in the majority of cases a further pro-
duction by g~ , 8%, EC or a-decays of a radioactive precursor has to be taken into
account. Since there are sometimes ambiguities existing about the terms independent
and cumulative cross-sections some clarifications have to be given.

A cross-section for the production of a nuclide is denoted as independent if the nuclide
can only be produced directly via the nuclear reaction between the projectile and the
target nucleus and not via subsequent 5, 51, EC or a-decays. Such independent

cross-sections are obtained if:

e cither the nuclide is shielded by stable nuclides against  decay or by a long lived

progenitor

e or the cross-section for the production of a progenitor is also measured so that

the production via decay can be corrected for.

In all other cases the cross-sections are cumulative since they include also
the production via decay of precursors. If we consider, e.g. the production of a
nuclide D(aughter) on one hand by the nuclear reaction and on the other hand by

decay of radioactive precursor M (other) then the solution of the differential equation
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3 THEORETICAL BACKGROUND

corresponding to Eq. 3.19 for the activity Ap(t) of D for times ¢t > t;,.,

Am

AD(t) = NT(I)((O'D —I—O’Mm)(l — eiADt"T)ei)\Dt (321)
+onm AM/\—DAD (1 — e~ Autirr)e=Aut),

where op,o); are the independent cross-sections for the mother M and the daughter D,
respectively. Provided that the half-life of M is short compared to that of D(Ay; > Ap)
we can neglect the second term in Eq. 3.21 for large t,. This yields:

Am
A — Ap’
with the cumulative cross-section op ey 0f the nuclide D calculated according to Eq.
3.20.

OD.cum = 0D + Opm (3.22)

3.3.3 Corrections for radioactive progenitors

In the condition \y; > Ap under which we derived the cumulative cross-section
0p.cum of D is fulfilled and we are able to measure 0,7, then we can derive the inde-
pendent cross-section op for the production of D from Eq. 3.22. However, there are
some cases in which \y; > Ap is not satisfied. For such cases we proceed as follows.
Assume a mother nuclide M of known activity A,; decaying with decay constant Ay,
into the daughter D with Ap for which wrong activities A}, are calculated according to
Eq. 3.18. Solving the system of coupled differential equations describing the decay of
the mother and the decay and buildup of the daughter after the end of irradiation (¢=0)
we calculate the corrected activity according to Eq. 3.23 and obtain the independent

cross-section of the daughter via Eq. 3.24:

« AD Ap 1 —e e
AD(tEoI) = AtEoI + AM(tEaI)m(l _ mm (A )\Dtd)) (323)
A:E S AD 1 — ermlirr
= . —oum(l = 1- 3.24
gp NTq)(l _ e*ADtirr) U]\J( )\D . )\]W( 1 . e)‘Dti'r'r )) ( )

3.3.4 Corrections for y-interferences

From the very complex spectra we dealt with in this work, the cross-sections

for some nuclides could only be determined after the correction of interfering ~-lines
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3.3 Determination of Cross-Sections for the Production of Residual Nuclides

from another nuclide which could not be resolved by our detectors. Assume that
Ai(tgor) and As(tg,.r) are the activities of two nuclides at the end of irradiation which
have interfering v-lines with I,; and I,, being the abundances of the corresponding
~v-quanta. Then first a wrong activity Af(tg,s) is calculated according to Eq. 3.18 in
our evaluation procedure under the assumption that the peak is only caused by nuclide
1. If Ay(tgor) is known, e.g. from other y-lines of nuclide 2, we can calculate the correct
value of A;(tg,r) to be:

)\1]71 1-— (5’7/\2tC
AQ]A/Q 1 — e~ Aite

Ay (tgor) = Al(tgor) — As(tror) e~ (2= Anla (3.25)

Although it is in principle possible to apply this scheme to more than only one inter-

fering ~-line we limit ourselves to one correction term since the resulting uncertainty

of the corrected activity quickly becomes rather high if the correction is large.
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4.2

4 Experiments at TSL and LNS

4.1 Overview

Between 1993-1997 a number of experiments were performed at the SATURNE
IT synchrocyclotron of the Laboratoire National Saturne(LNS) at Saclay and at the cy-
clotron of the Svedberg Laboratory at Uppsala(TSL). At that time it was not possible
to evaluate all the experiments. For some of the samples y-spectrometric measurements
were performed, but some of them were only irradiated and the ~-spectrometric mea-
surements were left to be done at a later moment in time for long-lived radionuclides
only. It is the case of experiments SACLOL, UPPSOH and UPPS0S, the subject of this
work. These experiments were evaluated and the obtained results are presented in this
work.

Integral cross-sections for the production of residual radionuclides were deter-
mined by off-line y-spectrometry of irradiated thin targets. The experimental setup
will be described shortly in the following sections. For more details see [Gl01], where

the techniques used are described extensively.

4.2 Targets and Irradiations

To avoid additional production of nuclei by interaction of the protons with ele-
mental impurities only high-purity materials were used as targets.

Each target was thoroughly cleaned and weighted before the irradiation. Typical
weights of the individual targets with diameters of 15 mm were 10 or 33 mg/cm?
for aluminum (99.999%). Targets were supplied by Goodfellow Metals Ltd., UK.

In order to allow the examination of many targets at different energy points,
with a minimum requirement of beam-time, a stacked-foil technique was used at both
locations LNS and TSL. Some details about the total experiments have to be mentioned
at this point.

A large number of target elements was irradiated in each irradiation. This was
done in order to check consistency of the new cross-sections with earlier results as well
as to provide further targets of previously irradiated elements for further destructive
investigations of long-lived radionuclides by accelerator mass spectrometry or of stable
rare gas isotopes by conventional mass spectrometry. As a consequence, up to 36
elements scattered over the whole periodic system of elements from carbon to bismuth

were irradiated in one experiment at LNS.
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4 EXPERIMENTS AT TSL AND LNS

The proton irradiations were performed between 1995 and 1997 at the SATURNE II
synchrocyclotron of the Laboratoire National Saturne at Saclay(LNS, E>200 MeV),
France and at the Svedberg Laboratory at Uppsala(TSL, E<200 MeV). A detailed
survey of the experiments performed at LNS and TSL can be found in Tables 4.1 and
4.2.

Irradiations at TSL

At TSL the stacked foil technique was used, since the influences of secondary particles
on the production of the residual nuclides studied here can be neglected in this energy

range.
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Figure 4.1: (a) Target containers used in experiments at TSL and LNS ; (b,c) the new
and smaller target containers used in the experiments at LNS . At LNS the individual
mini-stacks of type ¢ were positioned in the beam by hanging them up on thin threads
in the center of Al-frames which were not hit by the primary protons. Dimensions are
given in mm [GI198].

A variety of target elements were arranged in stack (in order of increasing mass) in
different energy groups. In each group at least three different foils were put together in
order to eliminate recoil effects for the foil in the middle which usually was analysed.
Between these groups three Al monitor foils were inserted. The foils were used to
further avoid recoil effects but also served for beam monitoring. Doing so, the flux

densities were determined via the reaction 2?Al(p, 3p3n)?*Na using the cross sections
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4.3 Targets and Irradiations

.4
Proton Beam /P'roton Beam

Figure 4.2: Schematic view of the target arrangements used (a) at LNS for energies
above 200 MeV and (b) at TSL for energies below 180 MeV [GI198|.

given by [To81, St90]. The proton energy for each individual foil was calculated by
means of the semiempirical approach given by Andersen and Ziegler [An77| using the
update for the stopping power parameters given in the 1996 edition of the Table of
Isotopes [Fi96].

Irradiations at LNS

For the irradiations at LNS with energies above 200 MeV the mini-stack approach was
used in order to reduce secondary particle effects [G101]. In this set-up three Al monitor
foils and at least three target samples were put together in a so-called mini-stack. In
each irradiation up to 30 individual mini-stacks were aligned in the beam with distances
of 510 ¢m in-between. The final supports consisted of Al-frames which were not hit
by the primary beam and in the center of which the ministacks were hanged by thin
threads. The whole arrangement was optically adjusted using a laser beam to ensure
that each mini-stack is in the beam line. The proton fluxes were again determined via
the reaction *"Al(p, 3p3n)?*Na using the cross sections given by [To81, St90] and the
proton energies were again calculated using the approach presented in [An77, Fi96|.
For further information see [Mi97, Gl01]. The targets were arranged in a sequence of
increasing atomic number along the beam. For light-target elements, several elements
were packed together in one individual mini-stack. The irradiations were performed in
air and lasted typically about twelve hours to get sufficient fluence. Though a stacked
foil technique was used, only one energy point was investigated per irradiation for each

target element.
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Experiment E,; E, ¢ tEor tirr &
[MeV] [MeV] [s] [g/cm’|

SACLOC 1600 1565  14.10.1993 60180 22.9
0853

SACLOD 1200 1161 15.10.1993 74040 21.1
0807

SACLOE 800 752 19.05.1994 86940 29.95
0800

SACLOF 600 045 20.05.1994 91260 31.0
1100

SACLOG 400 309 06.10.1994 121200 39.7
0804

SACLOH 330 228 07.10.1994 76200 38.5
0758

SACLOK 280 119 10.07.1995 67320 49.7
0800

SACLOL 2600 2525  11.07.1995 72180 48.5
0717

SACLOM 1400 1341  04.10.1995 70980 37.4
1407

SACLON 1000 938 05.10.1995 60480 38.1
0900

SACLOP 280 188 22.05.1996 55500 31.1
0956

SACLOR 2600 2541  23.05.1996 63600 37.7
0905

Table 4.1: Survey on experiments performed at LNS

4.3 Measurements and evaluation of experimental data

4.3.1 ~ Spectrometry

After the end of irradiation, the targets were transported to Cologne where the
stacks and ministacks were dismounted and the individual targets separated. A part
of them stayed at Cologne for measurement, another one was transported to Hanover
for the same purpose. The ~-spectrometric measurements started about between 36
and 60 h after the end of irradiation, respectively. In the case of this work this is true
for UPPSOH and SACLOL.
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Experiment E,; E, s tEor tirr &
[MeV] [MeV] [s] [g/cm’|

UPPSOB 176.5 64.1 17.11.1993 13380 30.4
0200

UPPS0C 175.9 72.7 19.01.1994 25200 28.4
2310

UPPS0D 178.2 105 29.11.1994 13380 17.8
1900

UPPSOE 178.2 86.7 30.11.1994 21000 22.7
0700

UPPSOF 136.1 61.4 22.02.1995 12180 15.2
0600

UPPS0G 136.1 74.2 21.02.1995 12000 16.0
2130

UPPSOH 137.0 59.1 10.10.1995 11400 16.7
2140

UPPSOK 136.5 58.6 21.11.1995 - 19.3
2010

UPPSOL 177.3 128.8  19.03.1996 12360 12.0
2330

UPPSOM 177.3 130.0  20.03.1996 10320 13.8
0312

UPPSON 97.2 0 15.10.1996 14820 14.6
1953

UPPSOP 97.2 0 16.10.1996 16200 12.0
0700

UPPSOR 97.5 24.6 12.03.1997 19260 13.0
0722

UPPS0S 97.5 38.6 11.03.1997 14400 9.8
1900

Table 4.2: Survey on experiments performed at TSL

~v-spectrometric measurements

The ~-spectrometric measurements were performed using several high-purity ger-
manium (HPGe) and germaniumlithium (Ge(Li)) detectors partially equipped with
automatic sample changers to be used for the short-time measurements. Each detec-
tor was connected via pre- and spectroscopy amplifiers to computer-controlled multi-
-channel buffers whose built-in ADC digitized the pulses into spectra of usually 4096

channels. The amplification was chosen for the registration of v-quanta with energies
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4 EXPERIMENTS AT TSL AND LNS

between some tens of keV and about 2 MeV. Typical resolutions ranged from about 1
keV at 122 keV of °"Co to about 2 keV at 1332 keV of ®°Co. The absolute calibration of
the v-spectrometers was performed for each geometry used by calibrated radionuclide
sources (2Na, 57Co, %°Co, 137Cs, 133Ba, 52Eu, and ! Am) with certified accuracies of
<2% (PTB Braunschweig). Efficiency functions were obtained by fitting a double log-
arithmic linear function to the experimental efficiency data above 350 keV. Below this
energy a fit function according to Gray and Ahmad [Gr85] was chosen. The efficiencies

were repeatedly checked for each geometry for every detector.

Energy calibration was done using a least-squares fit to a second-order polynomial
for the energies of the calibrated radionuclide sources. To avoid problems with too high
dead-times and pile-up effects the distances between sample and detector window were
varied between 5 and 60 cm. Thus it was possible to keep the dead-time below 10%
with no detectable pile-up effects. The large distances were used especially for the
short time measurements shortly after the irradiations because of the high activities
of the samples. In these geometries no lead shielding of the detector was possible but
interferences with background ~-lines were negligible anyway due to the short counting
times as well as due to the high Compton-background caused by the measured samples
themselves. Background spectra were taken for these measurements for about 3 days
for each detector. These spectra were used in the data evaluation procedure to correct
measured activities for background interferences. Measurement times ranged from 5
min in the beginning up to about 7 hours in some cases at the end of a measurement

series.

4.3.2 Analysis of spectra

Stopping power and calculation of proton energies

Since a stacked-foil technique was applied the proton energies in all the different
target foils had to be calculated. Although the energy degradation was small for the
highest initial proton energies such calculations were performed for all irradiations at
LNS and TSL. This was done by a computer program called “Stack”, originally based
on the work of Andersen and Ziegler [An77|. An improved version with some updates
|[Fi96, Zi85] showed no significant difference to the older version [Mi97].

Stopping power is defined as the average energy loss of a charged particle per unit path

length:
dE

S:—E

(4.1)
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The determination of the stopping power can be performed in many complex ways.
Here is an example of the calculation of liniar energy loss with the help of the

Bethe-Bloch equation for heavy charged particles.

dFE B 4drz2et
ds — mu?

NV . B, (4.2)

2

2mev Ck

—In(1-6%)-6"-—|, (4.3)

B=2z1
o 7

B=%T=115-Z (eV)

where

— % Stopping power

z Atomic number of the heavy charged particle

m, Rest mass of the electron

v Velocity of the heavy charged particle

3

NY Number of nuclei of the absorber per cm

B Atomic stopping number

7 Atomic number of the absorber

I Mean ionisation potential of the absorbers

¢, Correction factor for E < 4 MeV, 0 < ¢, < 1, charge exchange

At high energies ( >1 MeV per atomic mass unit) the stopping formula [An77] shows the
dependence on two parameters, the mean ionization potential and the shell correction.
These both parameters are different for different stopping materials. Experimental
proton stopping power data are summarized by Anderson and Ziegler [An77|. Reliable
data for many elements are available over a wide range of energies.

In Figure 4.3 is indirectly illustrated the dependence of the stopping power on the
velocity of the charged particle by the representation of % as a function of traveled
distance s. This behaviour is very important for applications in radiation therapy, when

one needs to irradiate certain tumors with minimum damage to the external tissues.
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4
-dE/ds

v

Figure 4.3: Bragg ionization curve

Analysis of v spectra

The analysis of the v was done by the commercially available code GAMMA-W
[We95, We94]. GAMMA-W calculates net peak areas via an unfolding algorithm us-
ing a least-squares fit [We81|. For an evaluation, regions of a spectrum are defined in
which all peaks are unfolded simultaneously after the background has been calculated
according to [We81, We86|. Peak shapes are assumed to be Gaussian with a low-energy
tailing. For each detector and measuring geometry, parameters were determined and
supplied to the code which describe as function of energy or channel numbers the ful-
l-width at half-maximum of full-energy peaks and their tailings. The whole evaluation
procedure can be done either in an automatic mode or interactively by the user. Al-
though GAMMA-W is a sophisticated and successful code [B197], detailed tests showed
in our case that for complex spectra the automatic mode is not reliable enough with
respect to the necessary regioning of the spectrum, peak recognition, background deter-
mination, multiplet deconvolution and net-peak area calculation. Thus, we analyzed
each spectrum interactively, making sure to get a maximum of information out of each
spectrum. Proceeding in this way means, however, to give up the reproducibility of a
spectrum analysis in contrast to the automatic and strict application of a mathematical

algorithm.

Nuclide identification

The spectrum analysis by Gamma-W code gives us an output file with net peak
areas of the produced radionuclides as the parent decay. In the output file we have
~v-energy with net peak area and also the uncertainty in it. Most codes and also
Gamma-W offers such capabilities, but in general an algorithm which can be used with

some confidence for complex spectra does not seem to be exist. For identification of
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residual nuclides we used the database provided by the Lund Nuclear Data Center
[Lu08|.
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4 EXPERIMENTS AT TSL AND LNS

Product Energy I_gamma (%) T,
Be-7 4717,6 10,52 53.12d
Ca-47 1297,09 71 4.536d
Co-55 931,3 75 17.53h
Co-56 846,771 100 77.27d
1238,282 67,6 77.27d
Co-57 122,06 85,6 271.79d
Co-58 810,775 929 70.86d
Co-60 1173,237 99,97 5.2714y
1332,501 99,98 5.2714y
Cr-48 112,36 96 21.56h
308,25 100 21.56h
Cr-51 320 10 27.70d
Cu-61 656,008 10,77 3.33h
Cu-64 1345,84 0,473 12.7h
Fe-59 1099,25 56 44.5d
1291,597 43,2 44.5d
K-42 1524,7 18 12.36h
K-43 220,6 4,3 22.3h
372,76 87 22.3h
396,86 11,85 22.3h
593,39 11,26 22.3h
617,49 79,2 22.3h
Mg-28 400,56 36,6 20.91h
941,72 38,3 20.91h
1342,27 52,6 20.91h
Mn-52 744,23 90 5.59d
935,538 94,5 5.59d
1434,068 100 5.59d
Mn-54 834,848 99,97 312.3d
Na-22 1274,5 99,94 2.6019y
Na-24 1368,63 100 14.95h
2754,028 99,94 14.95h
Ni-56 158,38 98,8 6.077d
269,5 36,5 6.077d
480,44 36,5 6.077d
749,95 49,5 6.077d
811,85 86 6.077d
1561,8 14 6.077d
Ni-57 127,164 16,7 35.6h
1377,63 81,7 35.6h
1757,5 7,09 35.6h
1919,52 12,26 35.6h
Sc-43 372,8 23 3.8%9h
Sc-44 1157 929 3.927h
Sc-44m 271,13 86,7 58.6h
Sc-46 889,277 99,984 83.76d
1120,542 99,987 83.76d
Sc-47 159,377 68,3 3.34d
Sc-48 983,51 100 43.67h
1037,599 97,6 43.67h
1312,096 100 43.67h
V-48 983,51 99,98 15.97d
1312,096 97,5 15.97d

Table 4.3: Nuclear data used in this work for the determination of experimental cross-
sections
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4.3.3 Contribution of uncertainties

Uncertainties of proton energies

Whereas the exact values of the contributions to the error of a result of a measure-
ments are unknown and unknowable, the uncertainties associated with the random
and systematic effects that give rise to error can be evaluated. But even if the evalu-
ated uncertainties are small, there is no guarantee that the error in the measurement
is small. The proton beam which falls on the target stack has three sources of uncer-

tainties:

1. The first source is the uncertainty in the proton energy when the particles leaving

the accelerator and is denoted by AFj .

2. The second source of uncertainty is that the protons are slowed down when they
collide with the nuclei of the target. Thus if we represent the proton initial energy
by E,; and hence after the interaction with the nuclide it is slowed down. As a
result the energy turned into E,, ;. Thus in this case we have the energy difference

in the form of kinetic energy of protons as AElOSS:%(AEnJ—AEmf)

3. Third source of uncertainty in the proton energy is the statistical nature of slowing
down processes. There is an energy straggling which can described according to
[?] by Gaussians distribution with a characteristic width, the straggling parameter

«;. The parameter o we take from the output file of program Stack.

Combination of these uncertainties gives the uncertainty of proton energy E, in the

n'" target foil of a stack in the form

B, = | (AB 4 (AB) + (3 a0 (4.4

Uncertainties of cross-sections

The following sources of uncertainties were considered for the cross-sections:

e Uncertainty in the determination of net peak areas:
This source of uncertainty is calculated by the evaluation code used for the spec-
trum analysis [To81]. It takes into account the Poisson uncertainties of the counts
in the individual channels as well as the uncertainties of the background deter-
mination, propagating them according to the law of error propagation through

the unfolding procedure. Sometime it is difficult to assign a peak to a nuclide,
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because it is produced not only by a single nuclide. Now, if the contribution is
not negligible, the activity of the contributing nuclide can be determined using
another line or in later spectrum the interfering lines were corrected using this
activity. If it seems that the contributions of other nuclides are very small then
no correction is applied. Due to this procedure it has been assumed a maximum
inaccuracy of 2% from the contribution of the other nuclides, but it must be

pointed out that in the average this uncertainty should be smaller.

Uncertainties of the half-lives:
Half-lives were taken from [Lu08|. Uncertainty of 1% were considered in the
half-lives. Larger uncertainty may cause disagreements between different mea-

surements due to the exponential dependence on time.

Uncertainty of y-abundances:
Intensities were also taken from [Lu08|. Those - lines which had high net peak
areas were always considered and which were well-known, thus an uncertainty of

only 2% were taken into account.

Uncertainty of efficiency:
Standard calibration sources were supplied with an uncertainty <2% . Measure-

ments with both detectors verified the uncertainty of full energy peak efficiency
of 5 to 6%.

Uncertainty of number of irradiated nuclei:
Each foil was weighted with an absolute uncertainty of +0.4 mg. In case of
the aluminum catcher foils with typical weights of 60 mg, this resulted in an

inaccuracy of about 1%.

Uncertainty of flux density:

The flux densities were determined via the monitor reaction *Al(p,3p3n)*2Na
using cross-sections as described in detail in Refs. [Mi97, Bo96]. The uncer-
tainty of flux density is mainly determined by the uncertainties of efficiency and
of the mass of the catcher foil which sum up to be about 6%. No uncertainties
were attributed to the monitor cross-sections. Moreover, an uncertainty in the
monitor cross-section due to an uncertainty of the proton energy was not consid-
ered because the monitor excitation function does not vary in the energy region

covered.

Uncertainty of irradiation time, decay time and counting time:

For time scales determined by the half-lives of nuclides observed within this work,
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4.3 Measurements and evaluation of experimental data

it was assumed that uncertainties of the above-mentioned quantities are negligi-
ble.

Uncertainty of impurities:
Due to the high purity of the target foils, contributions of other constituents were

not considered.

~y-y-coincidences:

~v-v-coincidences have to be taken into account at very small distances between
sample and detector. Since distances from the detector down to 5 cm were used to
get a sufficient counting statistics, it would have been necessary to correct them
in some cases. But this was not done since the effects were visible only for some
special nuclides. In these cases they caused an uncertainty in the determination
of activity using different ~-lines of 45%. Consequently, this uncertainty had

been taken as a general uncertainty due to -y coincidences in case of coincident

y-rays.

Constancy of flux density over irradiation time:
The beam intensities were continuously monitored and recorded. Using these
protocols, interruptions of the irradiations were taken into account using the

following replacement in Eq. 3.20

1 . z": exp(A(tgor — trori)) (4.5)

1 — exp(—Atipr) 1 — exp(—Atiprs)

i=1

Because the flux density itself may not be constant during irradiation we replaced
® in Eq. 3.20 and Eq. 3.21 by

1 tEor

o — —/ dt*d(t*) (4.6)
tgor — tBor Jip,,

with ®(t*) being the relative measurements of the beam current. Using these

replacements the uncertainties due to fluctuations in the beam intensity become

negligible. Moreover, they would affect only the cross-sections for very short-lived

nuclides.

Dead-time and pile-up losses in y-spectrometry:
The dead-time of the detector systems was automatically corrected. Pile-up

effects were not seen because the distances between samples and detector were
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4 EXPERIMENTS AT TSL AND LNS

varied in the way that the counting rates were low enough to avoid both pile-up

and failure of the automatic dead-time correction.

4.4 Flux monitoring

The flux density in each sample was supposed to be the same as in the preceding
aluminum catcher foils. Using the guarded Al targets in the middle, the flux density
was determined by measuring the *?Na-activity via the y-line at 1274.5 keV (I=99.9%).
The monitor cross-sections used were those recommended by Tobailem and de Lassus
St. Genies [To81] for energies above 200MeV and those measured by Steyn et al. [St90]
below 200 MeV; see Ref. [Mi97] for a detailed discussion of the monitor cross-sections.
At LNS, the fluences differed by a factor of up to 50 depending on the position of the
mini-stack in the total arrangement, but also as a consequence of some variability of the
beam currents delivered by the accelerator. At TSL, generally higher beam currents
were available and the fluences were about a factor of 10 higher than the highest ones
obtained at LNS. In spite of the extremely different experimental conditions, the results

showed excellent consistency among the different experiments.

4.5 Experimental results

Data needs for the development of accelerator driven system technologies include
target elements like C, Mg, O, Si and Ca as components of building concrete, but also
target elements like Cu, which can be found in the structure of the beam pipe or in
the accelerator structural materials and Ni which is a component of stainless steel.
The experimental results are discussed in this section. Altogether a number of 93
new cross sections were determined. Cross-sections for a nuclide were calculated for
different gamma-energy lines in order to ensure the reliability of the work. The results
were in good agreement with each other which proves the consistency of the obtained

results.
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Experimental results

4.5.1 Results from UPPSOH

During the UPPSOH experiment the following target elements were irradiated:
C, O, Mg, Si, V, Ti, Co, Rb, Mo, In and Te. In this work we deal with C, O, Mg and
Si only.

Experiment Description ‘ Target Product
Uppsala H E,:—136 MeV Al 24Na,
E, ;=59.1 MeV C "Be
tpor=10.10.1995/21:40 Mg "Be, 22Na, ?!Na
tr=11400s @) "Be
Si "Be, 2Na, ?*Na, Mg

Table 4.4: Survey on target-product combinations evaluated from UPPSOH

A survey on the details of the experiment and on the target-product combinations

evaluated can be found in Tables 4.4 and 4.5. The numerical values of the newly

determined cross-sections can be found in tabular form in Table 4.6.

Experiment | Target Mass | Energy | Flux density u(P)
in mg | in MeV (P) in s"'cm™?
in s7lcm™?

Uppsala H CCUH132 | 25.33 125.10 1.09E+11 2.10E+09
CCUH312 25.3 106.40 1.06E+11 2.10E4-09

CCUHb52 | 25.71 82.60 1.02E+11 2.10E4-09

MGUH142 | 40.21 124.60 1.09E+11 2.10E+09

MGUH322 | 37.05 105.90 1.06E+11 2.10E+09

MGUH572 | 39.59 82.00 1.01E+11 2.10E+4-09

QQUH171 | 198.91 121.80 1.09E+11 2.10E+09

QQUH411 | 201.39 97.45 1.04E+11 2.10E+4-09

SIUH162 | 158.41 | 123.00 1.09E+11 2.10E+09

SIUH402 | 159.26 98.80 1.06E+11 2.10E+09

Table 4.5: Survey on targets evaluated from UPPSOH

As the common product for all irradiated targets is "Be the results for this

residual nuclide have been chosen for exemplification and are displayed in Figure 4.4.
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Target-Product Target Energy | Cross section
in MeV in mb
natC(p,x)"Be CCUH132 125.1 13.5£1.1
"t C(p,x)"Be CCUH312 106.4 12.8+0.9
natC(p,x) ' Be CCUH552 82.6 16.9+£1.2
nat\Mg(p,x) Be MGUH142 125 2.3740.39
nat\Mg(p,x) Be MGUH322 105.9 2.344 0.12
natMe(p,x)"Be MGUH572 82 1.96 £0.15
natMg(p,x)**Na | MGUH142 125 42.5+ 2.9
"it\Mg(p,x)**Na | MGUH322 105.9 48.9+ 0.7
"at\Mg(p,x)**Na | MGUH572 82 52.94+ 1.2
nat\Mg(p,x)**Na | MGUH142 125 6.10+ 0.45
natMg(p,x)**Na | MGUH322 105.9 6.38+ 0.95
natMeg(p,x)**Na | MGUH572 82 6.89+ 0.08
natQ(p,x)"Be QQUH1T1 121.8 6.63+0.65
"t (p,x) Be QQUHA411 97.45 6.74+0.31
natSi(p,x)"Be SIUH123 123 141.1+0.4
atSi(p,x)"Be STUH402 98.8 1.1640.30
natSi(p,x)*Na STUH123 123 16.6+1.7
natSi(p,x)*Na STUH402 98.8 18.04+0.15
natSi(p,x)*Na SIUH123 123 3.46+0.18
natSi(p,x)*Na SIUH402 98.8 3.35£0.03
natSi(p,x)®Mg STUH123 123 0.03840.002
natSi(p,x)®Mg STUH402 98.8 0.03340.001

Table 4.6: Cross sections determined for the production of residual nuclides by proton
induced reactions in UPPSOH
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4 EXPERIMENTS AT TSL AND LNS

As it will be discussed in the next chapter the production of "Be from natural
C and O is special because of the proximity in masses between target and product.
This is nicely exhibited in the shape of the excitation function. For the target elements
Mg and Si, below 100 MeV, contribution of low-energy production is observed and a
change in slope can be noticed in the shape of the excitation function at about 200 MeV
pointing to different formation modes as evaporation and pre-equilibrium emission at
medium energies.

The data are exemplarily compared with earlier works. Our new cross-sections
agree within errors with the large existing data base for the production of "Be. A

complete set of graphs presenting all the experimental data is given in Appendix F.
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Experimental results

4.5.2 Results from SACLOL

The SACLOL experiment covered Ca, Cu, Ni and Si targets. The targets and
the resulted residual nuclides toghether with a description of the parameters of the

experiment cand be found in Tables 4.7 and 4.8.

Experiment Description ‘ Target Product
Saclay L E,:—2600 MeV Al ?Na
E, ;=2525 MeV Ca "Be, ?*Na, K
tpor=11.07.1995/07:17 Cu 24Na, 8K, “Sc,,, 5S¢,

tirr=72180s "Se, ©*Sc, **Cr, *'Cr,

92Mn, %5Co, *¢Co, *"Co,
(o, °Ni

Ni | %Na, #K, 4Sc,,, BV,

48Cr, °1Cr, 52Mn, %°Co,

%6Co, *"Co, %°Ni, 5"Ni

Si | TBe, %2Na, Na, %)Mg

Table 4.7: Survey on target-product combinations evaluated from SACLOL

Experiment | Target | Mass | Energy | Flux density u(®)
in mg | in MeV (P) in s"'lcm™
in s"lcm™2

Saclay L NISL092 | 426.13 2553 6.10E+08 2.13E+07
TISL062 | 107.82 2545 5.85E+08 2.28E+07

CUSL102 | 190.88 2556 8.17E+08 3.45E+407

CFSL052 | 570.21 2543 9.92E+4-08 7.04E+07

SISL042 | 164.32 2540 9.92E+-08 7.04E+07

Table 4.8: Survey on targets evaluated from UPPSOH

I have chosen to exemplify the production of "Be from Ca and the production of *Na
from Ca, Cu and Si.
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4 EXPERIMENTS AT TSL AND LNS

Target-Product | Target | Energy | Cross section
in MeV in mb

natCa(p,x) Be CFSL052 2540 20.6+1.3
" Ca(p,x)**Na 2.5140.23
nat Cla(p,x) 3K 0.49+0.03
motCu(px)®Na | CUSL102 | 2560 2.96+0.23
natCy (p,x) K 1.33£0.18
natCu(p,x) 4Sc,n 5.2540.43
natCu(p,x)46Sc 7.50+0.98
nat G (p,x) 17Sc 2.7540.19
nat Gy (p.x) S 3.08+0.02
natCu(p,x)8Cr 0.36+0.05
natCy(p,x)5 Cr 18.5+3.2
natCu(p,x)**Mn 5.964+0.60
natCu(p,x)**Co 1.340.06
nat iy (p,x) % Co 7.9841.40
natCu(p,x)3"Co 18.140.5
natCu(p,x)°®Co 24.3+2.6
natCu(p,x)5"Ni 0.66+0.06
"INi(px)?*Na | NISL092 | 2553 2.7240.20
natNi (p,x ) BK 0.610.05
natNi(p,x)Sc,, 6.59-£0.33
natNi(p,x)*8Sc 0.50-£0.02
natNi (p,x) S Cr 1.20-0.01
natNi(p,x)5 Cr 31.844.00
natNi(p,x) ¥V 16.2:£0.8
natNi(p,x)%2Mn 11.24£0.1
natNi(p,x) 6N 2.07+0.15
natNi(p,x) " Ni 13.140.6
"4tNi(p,x)**Co 7.964+0.10
" Ni(p,x)**Co 31.6+0.7
m@Nj(p,x)3"Co 67.1+3.3
"iSi(px)Be | SISL042 | 2540 8.16+0.42
natGi(p,x)*Na 2.85-0.22

Table 4.9: Cross sections determined for the production of residual nuclides by proton

induced reactions in SACLOL
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4 EXPERIMENTS AT TSL AND LNS

As it can be seen in Figure 4.5 the data for the production of “Be from Ca are
scarce and far from giving a complete excitation function. Further measurements are
needed for a better understanding of the production. In the case of the production of
24Na from Ca, Cu and Si consistent data basis exist and complete excitation functions
are available. The shape of the excitation function suggest as production modes evap-
oration and pre-equilibrium emission at low energies and IMF production at medium
energies.

For the production of 3K from Ca, Cu and Ni (Figure 4.6) not many experimental
cross-sections were available for comparison. Further data are needed to describe these
reactions completely.

The situation is much better for the production of ?>°¢57Co from natural Cu
(Figure 4.7). Complete and consistent excitation functions exist for these reactions for
energies ranging from thresholds up to 2.6 GeV.

The data base for target element Ni allows a nearly complete description of the
excitation functions for the production of radionuclides with masses above 43 (Figure

4.8 and Appendix F). For lower product masses the data base is less complete.
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Figure 4.6: Experimental data for the production of **K from Ca, Cu and Ni
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Figure 4.7: Experimental data for the production of **Co, *Co and *"Co from Cu
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Figure 4.8: Experimental data for the production of %°Co, %Co and 5"Co from Ni
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4.5.3 Results from UPPS0S

For targets irradiated during experiment UPPSO0S first measurements were per-
formed only recently. This is the reason why the determined cross-sections are confined
to long-lived products. The parameters of the experiment can be found in Table 4.10

and a survey on irradiated targets, energies covered and flux densities is given in Table

4.11.
Experiment Description Target Product
Uppsala S E,;=97.5 MeV Al %Na,
E, ;=38.6 MeV Fe *Mn
tpor=11.03.1997,/19:00 Mn >Mn
tir»—14400s Ti 4Ty
Ag 1R, 102R],  108Ag

Table 4.10: Survey on target-product combinations evaluated from UPPS0S

Experiment | Target | Mass | Energy | Flux density u(P)
in mg | in MeV () in s"'cm™?
in s7lem™2

Uppsala S FEUS032 | 134.31 95.77 8.11E-+10 1.85E+10
FEUS192 | 150.22 74.14 1.03E+11 2.36E+10
FEUS322 | 141.49 53.84 1.23E+11 2.83E+10
MNUS012 | 152.36 99.16 7.76E+4+10 1.78E+10
MNUS172 | 149.48 77.05 1.00E+11 2.29E-+10
MNUS302 | 150.53 57.50 1.20E+11 2.75E-+10
MNUS372 | 154.2 45.20 1.32E+11 3.056E410
TIUS162 | 217.07 78.24 9.88E+10 2.26E+10
TIUS202 | 219.9 72.66 1.04E+11 2.39E+-10
TIUS252 213.6 64.90 1.12E+11 2.57E-+10
TIUS292 | 216.96 59.14 1.18E+11 2.71E+10
TIUS332 | 221.2 51.75 1.26E+11 2.89E+10
AGUS043 | 211.82 93.84 8.30E+10 1.90E+10
AGUS093 | 216.25 87.46 8.95E+10 2.05E-+10
AGUS113 | 211.09 84.08 9.29E410 2.13E+10
AGUS212 | 219.33 71.26 1.06E+11 2.43E-+10
AGUS232 | 210.92 68.07 1.09E+11 2.50E+10
AGUS272 | 211.41 62.69 1.15E+11 2.63E-+10
AGUS342 | 219.7 49.74 1.28E+11 2.94E-+10

Table 4.11: Survey on targets evaluated from UPPS0S
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Target-Product | Target | Energy | Cross section
in MeV in mb
natFe(p,x)**Mn FEUS032 95.77 109.2+25.9
natFe(p,x)>*Mn FEUS192 74.14 59.34+13.9
natFe(p,x)>*Mn FEUS322 53.84 86.3+20.4
Mn(p,x)*Mn | MNUS012 | 99.16 169.6+£39.9
Mn(p,x)**Mn | MNUS172 77.05 170.8440.2
BMn(p,x)**Mn | MNUS302 57.50 166.9£39.8
Mn(p,x)*Mn | MNUS372 | 45.20 211.6£50.1
natij(p,x) 4Ty TIUS162 78.24 5.6241.32
natTi(p,x )M Ti TTUS202 72.66 4.88+1.15
natTi(p,x)*Ti TTUS252 64.90 3.76+0.89
nat i (p,x)*Ti TIUS292 59.14 3.36£0.79
nat i (p,x)*Ti TIUS332 51.75 3.13+0.74
"t Ag(p,x)!®"Rh | AGUS043 93.84 18.24+4.3
"t Ag(p,x)®"Rh | AGUS093 87.46 15.443.7
"t Ag(p,x)'%"Rh | AGUS113 84.08 13.543.2
"t Ag(p,x)!%"Rh | AGUS212 71.26 6.89+1.62
natAg(p,x)!%"Rh | AGUS232 68.07 6.99+1.65
"t Ag(p,x)®"Rh | AGUS272 62.69 7.8041.84
it Ag(p,x)!"Rh | AGUS342 49.74 0.67+0.16
it Ag(p,x)'2Rh,, | AGUS043 93.84 10.24+2.4
nat Ag(p,x)'°?Rh,, | AGUS093 87.46 9.40+2.21
it Ag(p,x)1%2Rh,, | AGUS113 84.08 9.11+2.14
nat Ag(p,x)1%2Rh,, | AGUS212 71.26 7.1241.68
nat Ag(p,x)1%2Rh,, | AGUS232 68.07 5.5141.30
nat Ag(p,x)'°2Rh,, | AGUS272 62.69 2.9440.70
"t Ag(p,x)1%2Rh,, | AGUS342 49.74 2.0540.49
it Ag(p,x)!%Ag,, | AGUS043 93.84 18.6+4.4
it Ag(p,x)1%®Ag,, | AGUS093 87.46 18.944.5
nat Ag(p,x)1%®Ag,, | AGUS113 84.08 18.8+4.5
nat Ag(p,x)1%Ag,, | AGUS212 71.26 18.8+4.5
it Ag(p,x)1%®Ag,, | AGUS232 68.07 18.8+4.5
it Ag(p,x)!%®Ag,, | AGUS272 62.69 18.5+4.4
it Ag(p,x)1%®Ag,, | AGUS342 49.74 17.944.2

Table 4.12: Cross sections determined for the production of residual nuclides by proton
induced reactions in UPPS0S

A good data base was available for the production of **Mn from natural Fe and
Mn. The values of the cross-sections determined in this work seem to be slightly higher

than the ones from earlier works, but still in agreement within errors (Figure 4.9).
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Figure 4.9: Experimental data for the production of ®**Mn from natural Fe and Mn

The situation is the same also for **Ti from natural Ti, but changes for the
production of '™ Rh, 12Rh,, and ®Ag,,. Few data were available for comparison from

[Bu96] and [A194]. No data were found for '®®Ag,,. Further measurements are needed

to be able to give a complete description of the excitation functions.
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4 EXPERIMENTS AT TSL AND LNS

4.5.4 Comparison with TALYS

Using TALYS code a comparison was made between our data for target elements
Cu and Ni and the theoretical calculations. All the resulted graphs are displayed in Ap-
pendix G. For the production of 4647Sc from natural Cu we observe an underestimation

of the experimental cross-sections (Figure 4.11).
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Figure 4.11: Production of 4647Sc from natural Cu

We see a good agreement between TALYS and the experimental data for ****Co
from natural Cu (Figure 4.12), although in the case of %¥Co we observe a slight under-
estimation of the experimental data near the 200 MeV limit.

In the case of residual nuclide production from natural Ni an interesting be-

haviour is observed when comparing with the TALYS theoretical calculations. The
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Figure 4.12: Production of ®**®Co from natural Cu

production is overestimated by orders of magnitude for “*Cr and underestimated for
°1Cr (Figure 4.13).

For the rest of the products studied from natural Ni there is a good agreement
between experiment and theory (Appendix G).

Theoretical calculations with TALYS show a good agreement up to about 100
MeV with the experimental data for the production of **Mn from natural Fe and Mn
(Figure 4.14). From 100 MeV up to 200 MeV the agreement exists no longer and the
TALYS results are lower than the experimental ones. This is also true for ' Rh from
natural silver (Figure 4.15). We observe an under-estimation of production for '®*Rh,,,

and an over-estimation of the production for '®Ag,, (Figure 4.15).
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Figure 4.14: Experimental data for the production of **Mn from natural Fe and Mn
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5 NUDATRA Project

5.1 Overview

This work was performed as a contribution [Mi06] to the NUDATRA work pack-
age 5.4 "High Energy Experiments for Radioactivity, Chemical Modifications and Dam-
age Assessment" for the EUROpean Research Programme for the TRANSmutation of
High Level Nuclear Waste in an Accelerator Driven System (EUROTRANS).

In order to allow a systematic survey about the production of intermediate mass
fragments by proton-induced reactions it was decided to cover all previous available
and new data for the production of residual nuclides with masses between 3 and 30
over an energy range extending from thresholds up to 2.6 GeV.

The availability of experimental data differs considerably among the possible
candidate nuclides. A criterion for inclusion into this work was that at least an estimate
of the entire excitation function should be possible. It was further decided to include
light- and intermediate-mass target elements where the residual nuclides are quite close
in mass to the target element. This was done to allow a systematic description for
targets spreading over the entire chart of nuclides and to survey whether or not there
are peculiarities in the relevant reactions on heavy target elements.

In order to fulfill the task M5.19 within the NUDATRA project a number of
recent and elder experiments were finally evaluated and the results are now available.
Further evaluations are going on, as e.g. for proton-induced reactions on uranium
and thorium between 200 MeV and 2.6 GeV. New measurements on the production
of long-lived radionuclides and of stable rare gas isotopes were started. For some of
them preliminary data are now available. In total, the now existing database allows
a systematic survey on the production of intermediate mass fragments as functions of
target element masses and energies and for comprehensive tests of models and codes

describing medium-energy nuclear reactions.
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5) NUDATRA PROJECT

5.2 Target and Product Nuclide Coverage

The availability of experimental data for the production of residual nuclides by
proton-induced reactions depends widely on their application in various fields of basic
and applied sciences; e.g. [Mi99, Mi00|. Already in the 1960’s cross sections for the
production of residual nuclides turned out to be the crucial quantities to understand
cosmogenic nuclides in extraterrestrial matter and much work was done in the following

decades dedicated to this issue.

By our group and a large number of collaborators a cross section database for
the interpretation of cosmogenic nuclides was established in a series of thin-target and
thick-target experiments during more than two decades. The database covers the tar-
get elements C, N, O, Mg, Al, Si, Ca, Ti, V, Mn, Fe, Co, Ni, Cu, Rb, Sr, Y, Zr, Nb,
Mo, Rh, Ag, In, Te, Ba, and La for proton-induced reactions. In 1997, the database
of cosmochemically relevant cross sections of proton-induced reactions covered nearly
550 target/product combinations with nearly 22,000 cross sections; [Mi95, Mi97| and
references therein. More recent analyses covered the production of special long-lived
radionuclides such as MC [Ne96|, 35Cl [Sc96a, Sc96b, Su97|, *'Ca [Sc04], **Mn [Me00],
and '2T[Sc97] and of stable rare gas isotopes [Gi98, Gi98a, Ly98]. In addition, measure-
ments of cosmochemically relevant cross sections were increasingly performed during

recent years by other groups; see [Si97| for a review and references.

Today, such investigations are going on, focusing widely on the understanding of
cosmogenic nuclides produced in-situ in the Farth’s surface and consequently aiming
more to neutron-induced rather than to proton-induced reactions. For accelerator
technologies, production of residual nuclides at medium energies has to be modeled in
order to describe the radioactive inventories of the spallation targets, the activation
of accelerating structures, of the beam pipes and windows and of shielding materials,
cooling materials and ambient air. Radionuclide inventories will determine the final
disposal costs of spallation targets and will decide whether the burn-up of nuclear waste
can be counterweighted or not by the creation of other activation products. Moreover,
medium-energy cross sections of fission products and actinides are needed. Finally,
the production of residual nuclides will cause chemical alteration of the irradiated
components and, in particular, production of light complex particles such as 2H, 3H,

3He, and “He will cause considerable material damage.

Integral excitation functions for the production of residual nuclides are basic
quantities for the calculation of radioactive inventories of spallation targets in spalla-

tion neutron sources and in accelerator-driven devices for energy amplification or for
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transmutation of nuclear waste. Due to the large range of relevant target elements
and the vast amount of product nuclides it will not be possible to measure all the
cross sections needed. Consequently, one will have to rely widely on models and codes
to calculate the required cross sections and validation of such calculations will be a
high priority issue. Since previous experiences with predictions of such excitation func-
tions were not satisfying [Mi97a], two new code systems, namely TALYS [Ko05] and
INCL4+ABLA [Bo02, Ju98|, were developed within the HINDAS (High and Inter-
mediate Energy Nuclear Data for Accelerator-Driven Systems) project [Ko92, Me05].
Experimental investigations of the HINDAS project provided consistent sets of nuclear
data of all types to allow for comprehensive tests of these models; see ref. [Me05| for
details.

Within the EC project HINDAS experimental investigations were extended to
heavy target elements such as Ta, W, Pb, Bi [GI01, Mi02, Ku01, Mi02a, Mi05|, and
U [Uo05]. These elements are under discussions as spallation-target materials in spal-
lation neutron sources and in other accelarator based technologies. For the target
element lead a comprehensive set of excitation functions pulished recently was com-
pleted by AMS-measurements of cross sections for the production of the long-lived
radionuclides 1°Be, 36Cl, and %I, [Sc05, Sc06]. For natural uranium, cross sections
for the production of residual nuclides are available for p-energies from 21 MeV to 69
MeV [Uo05, Sh08, Sh09| and at 600 MeV [Ad05]. Further spin-offs of the HINDAS
project were mass spectrometric measurements of cross sections for the production of
stable and radioactive isotopes of He, Ne, Ar, Kr, and Xe from natural lead; |[Ly05]

and references therein.

Together with new and not previously published cross sections for the target ele-
ments Rb, Mo, Rh, Ag, In, Te, and La, the published cross sections for the production
of residual nuclides for cosmochemically relevant target elements, and those measured
within the HINDAS project for Fe, Ta, W, Au, Pb, Bi, and U, our consistent data
base now contains data for nearly 1,500 nuclear reactions and more than 25,000 cross
sections. Most of the data are available in EXFOR.

Our investigations made use of classical kinematics and, therefore, they are con-
fined to residual nuclides with usually at least a few hours half-lives which mostly
reveal a cumulative production due to the decay of short-lived progenitors. These in-
vestigations are complimentary to those using inverse kinematics where all the primary
residuals can be studied at certain energy points but not over the whole energy range
desired, e.g. |[En01].
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Products Targets Radioactive
Progenitors
3H natFe, natNi, nath
3He natMg’ nais natFe nat -, nath, 27A1
3He-c natFe’ nat -’ nath’ 27A1 3H
4He natMg’ natsi’ natFe’ natNi’ nath’ 27A1
°Li N “He
Li 14N,l60
’Be natc, natN, natO’ natM nats natca
natT- natV natF e, natN i, natcu natzr
natMO natAg’ natT nat nath 12C
14N 160 191;- 27A1 55M 59C o, 89Y,
93 b, 197Au, 206 b, 207 b,208 b, 209Bi
°Be “N °Li, °C
1UBe natc, natN, nato, natMg’ natsi, natTi’
natFe’ natNi’ natcu’ natII', nath’ nti,
lZC, 27A1, SSMH, 59C0
‘IOB 14N, 160 IOBe
) 14N,l60 “Be, “Li, lIC
Tc 160
14C natO’ natsi’ natFe’ natNi, 160 14B, 14]3e
T8 160
11'5|: natMg’ natcuynatAg’ nath’ 23Na, 27A1 ISNe
ZUNe natMg’ natsi, natFe, natNi’ 27A1 ZOF, ZOO,EON,ZOC,mMg,ZONe
21Ne natMg’ natsi natFe natNi nath 27A1 21Mg,21Na,2[N,ZIO,21F
ZZNe natM na(sl natFe natN nath 27A1 ZZSi,ZZAI,ZZMg, ZZO,ZZF
ZzNe-C natMg’ natSl, natFey nat . nath 27A1 ZZSi 22A1 221\/[g 22N ZZO,ZZF
ZZNa natMg5 natsi’ natca’ natle nat\/, natFe’ 22A1 22M ZZS
nat : natCu natsr nalMO natAg, natTa
natw nath 23Na 24Mg, ng 26Mg,
27Al SSMn 59C0 89Y 93Nb 209
24Na natMg5 natsl’ natCa’ anl, natvv, natFe, 2409 24F, 241\]e
natNi’ natCu’ natZr’ natAg’ natTa’ nath,
27A1, 4SSC, 48Ti, SSMD, 59(:07 197Au
25Mg natSi, natca, natTi’ natV’ natFe5 natcu, 28Na’ 28Ne
nath 3OSi SSMn 59C0 209Bi
26A| natMg nats natCa natTl natFe natNl 26P, 268i
nath 26M 27A1, SSMn

Table 5.1: Survey on the nuclear reactions dealt with in this report

This work gives the complete dataset in tabular form in Appendix A. A complete
set of graphs presenting all the experimental data is given in Appendix C. The newly
presented data are still labeled with their original experiments from which they were
derived. They cover the following reference labels with respect to the radionuclide
[Bo95, Bu94, Bu96, De96, G193, Ha95, Ho95, K196, Kr95, Ly93, Mi93,

production:

Ne94a, Pr97, Ro91, Re93, Sc91, Sc9la, Su9s|.
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5.3 Experimental Data

One of the key issues in the construction of accelerator based technologies is
the calculation of radioactive inventories of the spallation targets as well as activation
of accelerator parts, shields, cooling media and ambient air. These calculations are
important both for short lived radionuclides and long lived radionuclides since the
latter decide about potential environmental impact and problems when such devices
have to be decomissioned and disposed, but also for the production of stable nuclides,
in particular gaseous elements, in medium energy nuclear reactions, in order to describe
material damage in accelerator components. Having this in mind in this chapter we
shall discuss some selected reactions to exemplify some features of the experimental

excitation functions and to comment on some aspects of data consistency and quality.

5.3.1 3He and *He

The production of light complex particles such as 2H, 3H, 3He and *He will cause
chemical alteration of the irradiated components. For example the accumulation of 3He
and ‘He influences the swelling (the He atoms are insoluble in most, if not, all metals;
they tend to migrate and form large bubbles that at least embrittle the irradiated
metal) of the lead spallation target and cooling system. The number of displacements
per atom (dpa), which is an essential parameter for stability studies, is ussualy given
as a function of the number of produced He atoms. Therefore, the quality of the 3He
and “He cross-sections directly affects the reliability of stability and design studies.

For the production of 3He, the experimental data have to be distinguished
whether they describe the direct production of *He or whether the production due
to the decay of 3H is included. Therefore, we distinguish here cross sections for 3He
(Figure 5.1) and ®*He,. (Figure 5.2), the latter including the production via the decay of
3H which is usually assumed to equal the direct production of *He. In total, sufficient
data are available for the target elements Al, Mg, Si, Fe, Ni, Pb, and Bi.

For “He (Figure 5.3), for which comprehensive data exist for the same target
elements, the transition through two reaction modes from evaporation or PE-emission
to production as IMF is more pronounced since the evaporation or PE-emission is more
pronounced than for 3He. Also for the production of He the tendency for a decreasing
importance of evaporation and PE-emission is seen with increasing mass number of the
target elements. In Appendix C, Figures C.2 and C.3 further graphs can be studied
for the production of 3He, *He, and “He.
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Figure 5.1: Excitation functions for the production of 3He by proton-induced reactions
on natural magnesium, iron, and nickel
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Figure 5.2: Excitation functions for the production of of *He. on natural aluminum,

iron, and lead.
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2.3 Experimental Data

5.3.2 "Be and '°Be

For heavier IMFs a really good data base exists for the production of "Be (Fig-
ures 5.4 to 5.6 ). The situation for °Be (Figures 5.8 and 5.11) is also not bad, but
considerably less data exist than for "Be because of the need of chemical separation
and AMS-measurements.

In the case of "Be and “Be surely the target elements C, N, and O are particular
because of their proximity in masses to the product nuclides. This is nicely exhibited
by the structures of their excitation functions (see also Appendix C, Figures C.4 to
C.10). For target elements from F to Bi the excitation functions for “Be and “Be
run relatively smooth with energy. For the target elements from F to the iron group
varying contributions of low energy production below 100 MeV are observed and the
shapes of the excitation functions show a clear change in slopes above about 200 MeV
pointing also for these product nuclides to different formation modes as evaporation or
PE-emission residues and IMF-production at medium energies. For the heavy target
elements above Ir only the production at energies above a few hundred MeV as IMFs
can be experimentally observed. The measurements by Titarenko et al. [Ti04] do not
exhibit significant differences between the cross sections for the production of “Be from
the different pure Pb isotopes. With respect to °Be, it is to mention here that the data
for Bi(p,X)'°Be [Ta02] must still be regarded as preliminary. Further measurements

are underway.
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5.3.3 ?'Ne, ?Na, and ?*Na

The situation becomes better for the neon isotopes (shown here for ?'Ne in
Figure 5.11) and for **Na (Figure 5.12 and 5.13) and *'Na (Figure 5.14). It has to
be mentioned that for ?2Ne also the direct production and the cumulative one after
the decay of *Na is distinguished in the data, denominated as ??Ne and *?Ne, (see
Appendix C, Figures C.16 to C.25). For the stable neon isotopes sufficient experimental
data exist to give complete excitation functions; see >*Ne in Figure 5.11). This is due
to their importance as cosmogenic nuclides in extraterrestrial matter [Mi98, Mi99.
Consequently, the target elements investigated were Mg, Al, Si, Fe, and Ni. But, in
the context of the HINDAS project [Me05| and thereafter systematic measurements
for Pb and Bi were performed [Mi05] and further measurements are just going on by
I. Leya and coworkers. Except for the product near target elements Mg, Al, and Si,
the excitation functions are not much structured. They do not give indications of
low-energy production by evaporation or PE-emission. So these products (and the

heavier ones dealt with in this work) must be regarded as IMFs.
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Figure 5.6: Excitation functions for the production of “Be by proton-induced reactions
on natural silver, tantalum and tungsten.
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Figure 5.7: Excitation functions for the production of “Be by proton-induced reactions
on natural gold, lead, and bismuth.
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2.3 Experimental Data

By far most of the data exist for 22Na (Figure 5.12) from light and medium-mass
target elements. Particular structures in the excitation functions are seen for target
elements from Na to Ca, for all heavier target elements the excitation functions exhibit
monotonous increases from thresholds to the highest energies investigated. In the case
of the target element Mg, for mono-isotopic targets of 242526Mg we see a nice distinction
of the individual reaction channels contributing to the production of 22Na from natural
magnesium (Figure 5.10). For **Na (Figure 5.14) the phenomenology of the excitation

functions does not differ from that of 22Na.
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For the heaviest product nuclides dealt with in this thesis, Mg (Figure 5.16) and
26A1 (Figure 5.17), just the target elements up to the iron group were systematically
investigated. For heavier target elements just some data for Pb exist and ongoing

measurements promise data for 2Al from lead and bismuth.
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2.3 Experimental Data

Because of the particular importance of helium production in accelerator-driven
facilities, the agreement among the experimental data is of outstanding importance.
Such measurements were performed within the HINDAS project by direct measurement
of light gas isotopes by the NESSI collaboration, e.g. [En99|. In addition and in order
to test the consistency with earlier mass spectrometric measurements the production
of stable and radioactive rare gas isotopes of He-, Ne-, Ar-, Kr-, and Xe from natural
lead by proton-induced reactions was investigated from threshold up to 2.6 GeV by
rare gas mass spectrometry [Ly05]. Apart from some exceptions the database for the
proton-induced production of noble gas isotopes from lead is consistent and nearly
complete. While for the production of He from Al and Fe, where the cross sections
obtained by thin-target irradiation experiments are up to a factor of 2 higher than
the NESSI data [En99]|, both datasets agree for the He production from lead (Figure
5.18). Figure 5.18 just contains the data by Leya and co-workers [Ly05] with respect to
the mass spectrometric measurements. But for the cosmochemically important target
elements Mg, Al, Si, Fe and Ni, considerably more data exist which were measured
by different groups at different places. The recent ones of these measurements [Gi98,
Gi98a| validate the measurements by Leya and co-workers [Ly98, Ly05]. Thus, our
present conclusion is that some of the helium produced by evaporation and PE-emission
from the light target elements must be missing in the NESST measurements. This would
explain that the cross sections for lead are well in agreement for the mass spectrometric
and the NESSI measurements, but not for the light target elements.

Except for the NESSI measurements, all cross sections dealt with so far in this
report were derived by off-line measurements after experiments in classical kinematics.
The measurements with inverse kinematics performed at GSI, e.g. [En01], had not to
be mentioned here because IMFs were not accessible in the past. However, in a recent
experiment with U on protons in inverse kinematics, measurements of IMF down to
masses of 15 were reported [Ri05]. Since we are not dealing with the target element

uranium, this work is only mentioned for completeness here.
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54 Empirical systematic

5.4 Empirical systematic

In order to emphasize the particularities of the phenomenology of IMF production
some general considerations about the phenomenology of residual nuclide production
at medium energies are necessary. In Serbers two-stage model [Se47| of nuclear reac-
tions at intermediate energies the spallation process is described as a fast intra-nuclear
cascade followed by a slow deexcitation shape of the highly excited intermediate sys-
tem by evaporation. This view is valid still today. As a consequence of this model
one expects the phenomenology of spallation reactions to be characterized by an ex-
ponential decrease of the isobaric mass yields with the mass difference between target
and products. Figure 5.19 gives an example for the target element niobium where
the upper envelope of the individual cross sections can serve as a first approximation
of the isobaric mass yields. In early mathematical formulations this dependence was
described by Rudstams formula [Ru66| which in addition to the exponential behavior
of the isobaric mass yields described the residual nuclide distribution on an isobar by
Gaussians or distorted semi-Gaussian functions. It was also observed that the slope of
the exponential decrease of mass yields with target-product mass difference gets flatter

with increasing particle energies.
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Figure 5.19: Cross sections for the production of residual nuclides from niobium as
function of the product mass [Mi97].

At that time no experimental evidence existed that other evaporation processes

than those of nucleons or light complex particles might contribute to the slow deexci-
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tation process at the end of the intra-nuclear cascade. This lack of evidence originated

from the fact that practically no experiments were performed to investigate proton-in-

duced spallation reactions on heavy target elements.

Already during the first two

decades of spallation studies it was, however, observed that the isobaric yields and

the individual cross sections for small residual nuclide masses increase again. In the

example given in Figure 5.19 this effect is observed for mass 7, namely the production

of "Be. The increase of yields at low masses, which was also observed for other nuclides

up to about mass 15, was attributed to fragmentation, e.g. in form of a Fermi break-up

of the excited system after the intra-nuclear cascade. Whether or not this would lead

to multifragmentation with enhanced multiplicities of IMFs was not discussed.
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Figure 5.20: Cross sections for the production of residual nuclides from Ta, Pb, and Bi
as function of the product mass [G198].
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With the rising interest in accelerator-driven technologies intermediate-energy
nuclear reactions with heavy target elements were systematically investigated and a
new feature of spallation reactions was observed. The intermediate residuals at the
end of intra-nuclear cascade could deexcite in addition to evaporation of nucleons and
light complex particles via fission. This is exemplarily shown in Figures 5.20 - 5.22 for
proton-induced reactions on Ta, Pb, and Bi. Already at about 200 MeV the fission

channel is open for elements such as Ta, W (not shown), Au (not shown), Pb, and Bi.
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Figure 5.21: Cross sections for the production of residual nuclides from Ta, Pb, and Bi
as function of the product mass [G198].

At energies of about 80 MeV fission products show up for Pb and Bi, but not

for the lighter target elements. With increasing energies the fission channel becomes

increasingly important. It dominates the mass distribution at about 1 GeV. However,
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above masses of 140 the symmetric fission mass distribution shows a transition into
the exponential mass distribution of "classical® spallation products for higher prod-
uct masses. The flattening of the slope of isobaric yields of the "classical“ spallation
products tends to smear out the importance of the fission channel which, however,
can be weakly distinguished even at 2.6 GeV (Figure 5.22). The knowledge about in-
termediate-energy proton-induced reactions with heavy target elements was strongly
influenced by investigations using inverse kinematics, e.g. [En01], which allowed to
measure complete distributions of residual nuclides for elements with atomic numbers
above 20 in these reactions. These investigations are performed at particular energies
and the efforts needed to perform these measurements do not allow for establishing
complete excitation functions over large energy regions. Thus, the classical- and in-
verse-kinematics experiments are complementary with respect to the investigations of
complete residual nuclide distributions at a particular energy with the measurement of

the complete energy dependence for particular product nuclides.

One draw-back of the inverse kinematics was that low residual masses could
not be observed and therefore no evidence about the IMFs could be obtained. Also
in the intermediate-energy nuclear reactions of protons with heavy target elements
an enhanced production of IMFs with masses below about 15 was observed in the
experiments with classical kinematics (Figures 5.19 - 5.22). Only in recent experiments
|[Ri05] lower-mass residual nuclides were also observed using inverse kinematics. At
present, we shall describe the phenomenology of IMF-production on the basis of the
experimental data put together in the preceding section. This shall contribute to the
discussion of the still open question whether the production of IMFs needs a particular
production mode such as (multi-)fragmentation or whether the production of IMFs can
be explained on the basis of deexcitation modes such as evaporation and fission in the
second stage of spallation reactions. To this end we look at the systematic of cross
sections at particular energies. Since not all the measurements were performed at the
same energy points, we had to look at certain energy bins of £100 MeV width though
for low energies this adds some scatter to the data because of the dependence of the
individual cross sections on energy. This was done in Figures 5.23 - 5.33 in this section.
Such a systematic was already used earlier [Mi00]. Tt can, however, now be discussed

on the basis of much larger data base.

According to the shapes of the distributions of the residual nuclides (Figures 5.20
- 5.22), radionuclides with masses larger than 56 can be unambiguously recognized as
being fission-products. The residual nuclide distributions indicate even that the fission

products extend well beyond the maximum of the binding energy per nucleon curve.
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Figure 5.22: Cross sections for the production of residual nuclides from Ta, Pb, and Bi
as function of the product mass [G198|.

But, it will be easier to discuss first such nuclides above this maximum at mass 56.
In Figure 5.23, the cross sections for the production of *Fe and °Co at energies of

0.8, 1.2, 1.6, and 2.6 GeV are plotted as function of the atomic numbers of the target
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elements. One observes about an exponential decrease of the cross sections with in-
creasing atomic number of the target element up to Z = 60. For higher atomic numbers
Z>73 (Ta) the cross sections increase with atomic number of the target element also
about exponentially.

For target elements between Z = 56 and Z = 73 no experimental data exist. The
decrease of cross sections for targets with atomic numbers below 60 can be understood
as the phenomenology of "classical” spallation reactions where the deexcitation in the
stage of the reactions occurs solely via evaporation of nucleons and light composite par-
ticles. The increase for higher-Z target elements points to an exponentially increasing
importance of the fission channel in this second stage of the reaction. If the production
of IMFs occurs in the context of the deexcitation via the fission channel, one would
expect a similar behavior of IMF cross sections.

However, this is not the case as will be discussed below for all the residual nuclides
dealt with in this work. In spite of the wealth of experimental data for the production
of IMFs described in the preceding section, the systematic derived here remains not
comprehensive for many residual nuclides. But, for some nuclides one obtains a rather
comprehensive and consistent view of IMF production. Generally, we have plotted the
cross sections for a particular residual nucleus as a function of the target mass number
for energy bins centered around 600 MeV, 1200 MeV, 1600 MeV, 2000MeV, 2200 MeV,
and 2600 MeV for all the data available (Figures 5.24 - 5.33 and Appendix D). The
center points of the energy bins were chosen to contain as many cross sections as
possible and, at the same time, to give a systematic survey on all energies investigated.
There is practically no dependence on target mass for the production of He and *He
for all energies (Figures 5.25 - 5.26). A slight increase with target mass of *He and *He

production observed for high energies may be but is not necessarily significant.

90



54 Empirical systematic

1O+1 :l 1 I I 1 1 I 1 1 I I: :I 1 I ] 1 1 I 1 1 1 l:
: E,=0.8GeV 7 E,=1.2GeV 1
- - - § -
g 1T % :
10*° :‘% gz?;;% %%‘
SO AN
= ' T tt '
g 10 =L e Ores | 4 F O Fes9 | 3
) B oco60| 4 F @ © Co-60 | 1
g —I 1 1 I 1 1 1 1 1 L I_ _I 1 1 ] 1 1 1 1 1 1 I_‘
= 35 50 65 80 35 50 65 80
8 1()“‘1 :l T ) I 1 ] T T T I l: :I T 1 I I T T I L] I l:
2 n Ex=1:6GeY 4 E.=2.6GeV
A . 1L |
2 ¥
S i gﬂ 17 °¢F g

-
O
-
HEH-6H
HERy
—o—
=B =8
=T
RS

10*0 — % ¥

IIIIIII
e

; : %
i 1 10 j
_ ; 4L i
107* - ODFs0| 4 F 0O Fe59 |
- ¢ Co-60| 4 | © Co-60 | <
B 1 1 1 I 1 1 1 1 1 1 1 1 B 1 1 1 l 1 1 1 1 1 1 1 ]
35 50 65 80 35 50 65 80

Atomic Number

Figure 5.23: Systematic of the production of 3Fe and °Co by proton-induced reactions
as function of target atomic numbers according to [G198].

91



NUDATRA PROJECT

b}

"SIOQUINU S$SBW 198.1R) JO UO1)OUNY S® SUOrHRal ponpur-uojord £q o, Jo uorpnpoid oY) Jo d1RWIISAS F ¢ 9INSL]

Joquuny S SB[ Jaquuny SSEIA[
0L 09 0s or 0¢ 0¢ 0L 09 0S oy 0€ 0z
| | | | 10+d1 : _ _ : , 10+d1
.- g
PR S 7 . o %
S6 TN & . 4 C0+dl & Y909 & 4 T0+HHdI &
| 5 | =
m s | 2
1 gova " B0l
AN 0097=04 10§ -3 AN 0077=dy 10§ ¢-3H
Jdquin N SSeIA Jaquuny s SeJAl
0L 09 0s (114 0¢ 0¢ 01 0 0S¢ 00¢ 0ST 00T 0S 0
TTTTTT T T T T I T T I T i T I TT I T I T T I 7T T —c+m— T T 1 1 17 1T 1T 7T 7 1T 1771 OOL_IMM
| 00 V= |
| m 76 1M + m
000 ] 2 S6IN @ v S 10+d1 W
o0OV1im 1 e 1
2" 2 covn B TORTE " " | g
S6IN & s 0L AN L . 4 ] s
] w LOANV 1 0+l g
] = ¥900 m =
] 9Id e ]
4 €0+d1 4 €0+HAT

AP 00T 1=d] 10§ £-9H

AJI 009=dq 10§ ¢-9H

92



Empirical systematic

5.4

“SIoquINU ssew JogIe) Jo uorouny se suorjoesl peonput-uojord Aq *oH, jo uononpoxd o) Jo dIRWISAS 1¢7 G 0INSLg

Jquny] S SeJAl Jquiny SSe
092 012 091 011 09 01 09¢ 01¢ 091 0I1 09 01
| | - . | | L0441 P — ; ; 00+41
] ] ()
| m 1 2
1 2 31041 2
SOAIm ] m SOATH - 2
| |_| 4 (=
6 IN & e | O m S6IN @ ] g
. | s 2 o1 B
. | = E
] =] & 1 =
4 = —
o 1 - 1
- S0+l 3 o+t
AN 0097=44 10} D €-9H AN 0091=dd 10§ D ¢-9H
Jaquuny] S SeJA JdquIn ] SSEJN
097 012 091 o011 09 01 o1 ost i & ol
——T— — 10441
V _ — _ , 10+dT
| 3 SO AT ¥ ] -
] A 6 TN ] 3
COAT R N T61M Y ¢ 1w+l »
S6 TN & o |t 5 R X | S
L ] w 918 ¢ ] =
] & _ ]
4 CO+HAT E c0+4d1

AN 002 1=dd 10} D ¢€-3H

AW 009=dy 105 D g-oH

93



NUDATRA PROJECT

b}

"SIOQUINU S$SBUW 108.1R) JO UO1)OUN) S® SUordeal peonpur-uojord £q oy, Jo uorponpoid oY) Jo d1RWIISAS 197 ¢ dINSL]

Jaquiny S SeJAl JquInN S SEIAl
(V%4 00C 0SI 001 0¢ 0 0S¢ 002 0S1 001 0S 0

10+41 [0+41
1 z0+d1 2 00 V1 3 00+d1 &
SOATIm mu SO ATV i mu
S6TN @ » 5 S6INm - =
L 2 1 = ‘ 3 =
* 4 €o+dl & 86 ATe b . 4 €0+dl gz
u ] ) ] =

[ I po+dr

AN 0097=44 10§ p-oH AN 009 1=d7 10§ $-3H
Jaquuny] SSejAl Jaquiny SSejAl
0SZ 00Z 0S1 001 0S 0 0S¢ 00¢ 0SI 001 0S 0

T T T T T T [10+d1 _ ﬁ _ [ 1] 4 [TT1T 10+d1
. o 00Vie ‘ .
1 S SOAT® ] 3
o0VvV1i1v 3 C0+dl ” 6 IM X I = C0+Hdl ”
- (o] B (¢
SOATH 1 <t $6 IN v o 3 w® <4
@ * S V 68 TN ¥ . - E =
el o 4 €0+1 E. 40+l =
1 = Y9 0O m -
1 m. 91 e =

S Y0l bO+A1

AN 0027 1=dq 10} -0 AJN 009=04 10§ -9

94
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For the production of "Be (Figure 5.27) and °Be (Figure 5.28) the systematic
looks similar but shows slight differences. For "Be at 500 MeV and target elements up to
iron, the cross sections decrease with increasing target mass. Naturally, the production
from C, N, and O is somewhat particular because of the small mass-distance of targets
and products. For higher target masses the cross sections stay essentially constant over
the entire higher mass region. For an energy of 1000 MeV, there is a general trend of
decrease of the cross sections with target mass, however, with a change in slope for
target elements heavier than iron. At 1500 MeV, 2000 MeV and 2600 MeV, the cross
sections for the production of “Be practically depend slightly linear on a logarithmic
scale over the entire target mass region with tendency of lower decreases with increasing
energy.

For 1°Be, the situation is not so clear cut, mainly because of a still persistent
lack of data. In particular, the preliminary data by Tarabishi [Ta02] need urgently
to be confirmed by independent measurements. Such measurements are underway. In
general, one can conclude for 1°Be that there appears not to be a significantly different

trend in the data than observed for “Be.
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A clearer picture is obtained for the heavier IMFs, such as the neon isotopes, **Na,
24Na, Mg, and 20Al.

For 2!Ne at 600 MeV, one observes an exponential decrease of the cross sections
with target mass up to mass 60. For higher masses this decrease becomes much less
steep: only about a factor of two between mass 60 and 200 (Figure 5.29).

For ??Na (Figure 5.30) most data exist in this product mass region. At 500 MeV
the cross sections decrease exponentially over the entire target mass region. Above mass
100 no ?2Na could be measured. For energies above 1000 MeV 22Na could be observed
for all target masses. As in the case of 2!Ne, one observes for ?2Na a composite curve
for the dependence of its production as a function of target mass. It is composed from
two exponentials, a steep one up to a target mass of about 100 and a flatter decreasing
one up to lead and bismuth. This holds also true at the highest energy of 2600 MeV.

For ?*Na (Figure 5.31) the picture is similar, but shows some differences for higher
target masses. The picture at about 500 MeV, which actually includes also the early
600 MeV data with considerable scatter, the steep exponential decrease up to mass 60
of the target elements is again observed. For higher target masses there is considerable
ambiguity due to unacceptable scatter of many old data which is still enhanced by the
strong dependence on energy of the cross sections in this energy bin. But for higher
energies, the systematic becomes clearer because also the old data appear to be more
consistent. We observe generally a flattening of the steep exponential decrease of the
cross sections for target masses up to 100. For heavier target masses, however, there is
practically no decrease and the production cross sections remain more or less constant.

There might even be a slight increase with target masses at 2600 MeV.
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For Mg (Figure 5.32), the data base is not as comprehensive as for ?2Na (and
24Na). In spite of that there are strong indications that after some structure in the
systematic for target elements quite close to the product mass, the production of 26Mg
remains practically constant for higher target masses. For Al (Figure 5.33), the
situation is again not yet satisfactory because of lack of data because of the big efforts
needed for chemistry and AMS. But, the available data point to a dependence on target
mass similar to that observed for the other products with product masses above 20.

So one may conclude that the systematic of the production of the radionuclides,
dealt with in this work as IMFs, have scarcely something in common with the depen-
dence on target element exhibited by the established fission products *Fe and °Co. It
must also be emphasized that their behavior shows no difference depending on whether
or not a fission channel is open. It is, however, natural that a phenomenology as here
described cannot decide about the actual reaction modes. This can only be done on the
basis of model calculations based on a sound theory of nuclear reactions at intermediate
energies. However, such model calculations must be able to describe the trends with
energies and the dependencies on target masses described in this thesis. Consequently,
the data base described here and the systematic discussed in this section provides a
basis for testing models and codes describing the production of IMFs in intermediate

energy nuclear reactions.
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Figure 5.33: Systematic of the production of 26 Al by proton-induced reactions as func-

tion of target mass numbers.
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5.5 Comparison between experiment and theory
5.5.1 Modeling of residual nuclide production at medium energies

Apart from the experimentally accessible measurement of production cross-sec-
tions, the theoretical modeling is necessary in order to understand the nuclear reactions.
Beyond that it is also necessary to formulate a model, which is capable in all aspects

to describe a reaction.

A variety of theoretical models are in general use at this time for calculating
nuclear reaction cross sections. To put these models in perspective, an overview is
presented here of the physical features that they emphasize. Since the nature of the
nuclear force is not fully understood, and since nuclei consist of nucleons interacting
through complicated many-body interactions, a comprehensive theory of nuclear reac-
tions and nuclear structure derived from fundamental principles, with good predictive
abilities, does not yet exist. Instead, nuclear physics researchers often develop models
which typically emphasize one or more physical features over others, depending on the
context of the investigation. Examples include compound nucleus, direct, and various
preequilibrium nuclear reaction theories, including exciton and intranuclear cascade
semiclassical models and quantum mechanical multistep approaches. The drawbacks
inherent in emphasizing certain physical aspects over others are partly compensated

by a corresponding insight, and mathematical simplicity, exhibited by a model.

Many different interaction mechanisms can occur when a nucleon of a few hun-
dred MeV and below strikes a target nucleus. At low incident energies (a few MeV, say),
nuclear reactions take place by the compound nucleus process, in which the incident
particle is captured by the target nucleus, and its energy is shared statistically among
all the nucleons of the compound system. After a time much greater than the inter-
action time, the compound nucleus emits one or more particles and generally attains
its ground state by gamma-ray emission. As the incident energy increases, it becomes
more likely that particle emission will take place in the first stage of the reaction, when
the incident particle interacts with the target nucleus as a whole (for example, a collec-
tive excitation) or a nucleon within it. Many theories have been developed to enable
the cross sections of these direct reactions to be calculated, and they facilitate an un-
derstanding of elastic and inelastic scattering and particle transfer reactions. However,
experimental and theoretical research in the last few decades has shown that particle
emission can take place with a time scale longer than the very rapid direct reactions
(about 1072%) but much much shorter than the slower compound nucleus reactions

(about 10716 to 107! sec). These emission processes are known as preequilibrium or
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multistep reactions, and they are characterized by particles emitted with relatively
high energies and with angular distributions that are peaked in the forward direction.
One of the problems in nuclear reaction theory is a proper treatment of the scattering
at energies where two or more reaction mechanisms apply.

The demand for reliable theoretical predictions of production cross sections is by
no means satisfied by the models and codes which are available today. In this context
it is essential that reliable and comprehensive databases to exist which can serve as
benchmarks for code development and validation.

We will shortly discuss the different modes of proton induced production of
residual nuclides at intermediary energies and we will see how these modes manifest in
the excitation functions and whether they are capable of explaining all their features.

R. Serber describes spallation as a fast intra-nuclear cascade of nucleon-nucleon
interactions followed by a slow de-excitation in statistical equilibrium.

Accepting the general validity of Serber’s two step process, the first phase is a quick
sequence of nucleon-nucleon collisions since the wavelength of the incoming particle
is small compared with the distances of the nucleons inside the target nucleus. This
phase is called the intranuclear cascade (INC) and comprises collisions of primary and
secondary fast nucleons with other nucleons of the composite system and the creation
of pi-mesons. During this phase nucleons and light clusters are emitted from the
composite system. The particles emitted during the INC have high energies and the
are preferably emitted in the beam direction. The energy distribution of the INC
particles and the residual system at the end of the INC, called prefragment, depends
on the mass of the target, the incident energy and the impact parameter. It also should
be noted that for light- and medium-mass targets the nature of the incoming particle
(proton or neutron) significantly influences the neutron excess of the composite system

and of the prefragments.
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Depending on the above mentioned parameters, the number of baryon-baryon
collisions show a steady increase with time which then suddenly flattens, when equipar-
tition of energies is attained. At this time the fast intranuclear cascade ends and the
second, slow step of the reaction begins, in which the highly excited prefragment deex-
cites. Deexcitation of the prefragment can occur principally in two ways, by evaporation
of nucleons and nucleon clusters or by the breakup of the unstable prefragment into
two or more fragments, which themselves may still release their excitation energies by
evaporation of nucleons and nucleon clusters. The first of these deexcitation paths is
called the classical evaporation phase as invented in Serber’s model, the second is called
multifragmentation. For heavy target elements at least two different types of fission

have to be added to this scenario.
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Figure 5.35: Experimental cross sections for the production of “Be and '°Be from
carbon, aluminum, and iron compared with theoretical ones calculated by the LAHET
code system [Pr94, Pr89| using the Bertini-Gilbert-Cameron options, the HETC in form
of the HET-KFA2 code [CI88] and a semiempirical formula according to the YIELD
code [Si73a, Si73b]; according to [G198|.

Generally, a reliable a priori calculation of cross sections for the production of

residual nuclides at intermediate energies is a demanding task which up today has
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many open questions. On the basis of our extensive data base many models and codes
have been tested in this respect; see [Mi97| and references therein. A general survey
on the predictive capabilities of a wide variety of models and codes was performed in
a NEA model and code Intercomparison [Mi97a|. The result of this intercomparison
was that the best codes just were capable to calculate residual nuclide production
cross sections within a factor of two on the average. In many cases average deviations
exceeded an order of magnitude. For intermediate energies and heavy target elements
the LAHET code system (LCS) [Pr89, Pr94] and the HET-KFA2 |CI88] were tested
in particular using always the Bertini INC model [Be69| for the calculation of the
intranuclear cascade. The HET model which was originally developed by Armstrong
and Chandler [Ar72] is included in both code systems. Also these models turned out to
fail widely [G101]. It was a general observation in all those tests that for fission products
and for the IMFs dealt within this work the results were inadequate. In Figures 5.35
- 5.36 some examples are given. Aside of the LAHET and HET-KFA2 codes also
semiempirical formulas were tested [G198, G101]. The result for such formulas was in
a nutshell that they worked fairly well if experimental data were known, but that they
frequently failed when extrapolating to reactions for which no data were known before
(Figure 5.35).

In order to improve this unsatisfactory situation two codes systems were devel-
oped during the HINDAS project [Me05] to satisfy the needs for modeling nuclear
reaction data at intermediate and high energies. The TALYS code includes the opti-
cal model, direct, pre-equilibrium, fission and statistical models and thereby gives a
prediction for all the open reaction channels for energies up to about 200 MeV [Ko05].
The INCL4+ABLA code system is a combination of the codes INCL4 [BO02] for the
intra-nuclear cascade and ABLA [Ju98]| for the nucleus de-excitation. The experimen-
tal data base established during the HINDAS project offers an excellent chance for the

validation of the new codes.

During the HINDAS project [Me05] and in a recent paper [Mi05] “blind” calcula-
tions were performed for Fe, W, Ta, Pb, Bi, and U and the results were compared with
the new experimental data in order to validate these code systems with respect to their
capabilities to predict cross sections for the production of residual nuclides respective.
Figure 5.37 gives an example for such a comparison for the production of 5?™t9Mn
from natural iron. A more systematic survey on the capabilities of the TALYS and
INCL4+4+ABLA codes and on still pertaining problems is given in Figure 5.39 for the
target element bismuth. Generally, the results of these comparisons were quite good.

For a wide range masses from target-near to spallation products, both codes, TALYS
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Figure 5.36: Experimental cross sections for the production of *C from natural iron
and nickel compared with theoretical ones calculated with the HET-KFA2 code within
the HERMES code system |[C188].
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Figure 5.37: Experimental cross sections (squares) for the production of 2™ 9Mn from
natural iron by proton-induced reactions in comparison with TALY'S results (solid line)
|Mi05].

and INCL4+ABLA, adequately reproduce the experimental cross sections varying by
5 orders of magnitude over the entire range of energies for. In contrast to earlier evalu-
ations [Mi97, G101, Ku01, Mi02, Mi02al, the new codes also give reasonable results for
all fission products.

In general both codes performed quite satisfactorily, though some problems re-
mained to be solved. With respect to the production of IMFs, however, the problem
of grossly underestimating their production by the INCL4+ABLA code remained. In

Figure 5.37, this is already seen for the production of *Na from Bi, which is underes-
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Figure 5.38: Comparison of experimental cross sections [Mi02| with model calculations
using the TALYS (solid lines) and INCL44+ABLA (broken lines) codes; from [Mi05].

timated by about an order of magnitude. This failure was attributed at that time to

the neglect of multi-fragmentation in the existing codes [Mi05].
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5.5.2 TALYS

Model calculations were performed for the production of residual nuclides using
the TALYS code [Ko05] with standard options for energies up to 200 MeV. Created
at NRG Petten (Netherlands) and CEA Bruyéres-le-Chatel (France), TALYS is a
computer code system for the analysis and prediction of nuclear reactions. The basic
objective behind its construction is the simulation of nuclear reactions that involve
neutrons, photons, protons, deuterons, tritons, *He- and alpha-particles, in the 1 keV
- 200 MeV energy range and for target nuclides of mass 12 and heavier. To achieve
this, a set of nuclear reaction models (see Table 5.5.2) are implemented into a single
code system in order to enable the evaluation of nuclear reactions from the unresolved
resonance range up to intermediate energies.

An additional advantage of TALYS is the option of fine tuning the adjustable
parameters of the various reaction models to available experimental data. However,
this option was not used in the present work, but it could be used to adapt the

theoretical calculation to the experimental data.

Table 5.2: Nuclear models and structure information implemented in TALYS 0.72
(released 21.dez.06)

Optical Model:

e Optical model potential (OMP) calculations are performed with ECIS-2003

e Neutrons/protons: Koning-Delaroche phenomenological spherical OMP (local /
global), Soukhovitskii deformed OMP for actinides, and user-defined OMP’s

e Complex particles: Simplified Watanabe folding approach

Direct Reactions:

Direct reaction calculations are performed with ECIS-2003
DWBA for (near) spherical nuclei

Coupled-channels for deformed nuclei (symmetric rotational / harmonic vibra-
tional / vibration-rotational / asymmetric rotational)

Weak-coupling model for odd nuclei

Giant resonances (Kalbach macroscopic phenomenological model)
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Compound Reactions:

Hauser-Feshbach
Width-fluctuation models (Moldauer / GOE triple integral / HRTW)

Blatt-Biedenharn formalism for angular distributions

Pre-equilibrium Reactions:

Two-component excition model
Photon exciton model (Akkermans and Gruppelaar)
Continuum stripping, pick-up and knock-out (Kalbach phenomenological model)

Angular distribution (Kalbach systematics)

Multiple Emission:

Multiple pre-equilibrium emission for any number of particles

Multple Hauser-Feshbach emission for any number of particles

Fission:

Hill-Wheeler transmission coeflicients

single / double / triple humped barriers

Class II (III) states

Experimental barrier parameters

Rotating-Liquid-Drop model

Rotating-Finite-Range model

Microscopic barrier parameters

Fission fragment mass distributions (Multi-Model Random-Neck-Rupture model)

Fission fragment charge disitributions (scission-point model)
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Gamma-Ray Transmission Coefficients:

e Brink-Axel Lorentzian
e Kopecky-Uhl Generalised Lorentzian
e photoabsorption cross sections: (GDR + quasi-deuteron (Chadwick)

Nuclear Structure Database (based on RIPL-2):

e Abundancies

e Discrete levels

e Deformations

e Masses

e Level density parameters
e Resonance parameters

e [ission barrier parameters
e Thermal cross sections

e Microscopic level densities

e Prescission shapes

The nuclear models that are adjusted in this manner can be used to obtain
further information about the nuclear properties. Specific features of TALYS and a
full description of all implemented nuclear models are given by A.J. Koning, S. Hilaire
and M. Duijvestijn [Ko07].

Radioactive progenitors were considered in the calculations according to Table
5.3 if necessary. Selected results are presented in Figures 5.39-5.44, all the results are
listed in Appendix D. The theoretical curves are only given for the energy regions
covered by the experimental data.

Except for the light product nuclides with masses below 20 the calculations de-
scribe the experimental data fairly well. For the lightest product nuclides, i.e. *C and
150 from oxygen (Figure 5.39), we see severe over- and underestimation of the experi-
mental cross sections and also for the production of **F from sodium and magnesium

the calculations fail widely to reproduce the experimental data (Figure 5.40).
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Target | Product | Considered Progenitors
nato 14C l4B

- e independent

°0 g independent

%0 0 independent

natM g 18F 18N e

23Na I BF I ENC

Al B TNe

M g N F 90 ®Na, M .
natSi “'Ne = 2UO,ZUNa,ZUMg
TAl LU 20 200 P'Na, M o
B g e 21F,210,21Na,21Mg
natSi ZlNe ZlF,le,lea,ZlMg
TA] TINe ZIF,ZIO,ZINa,ZlMg
M g Ne v g,zz ALZF 0
nat Sl 22Ne 22Mg,22A1,22F

TAl Ne 2\ g)zz ALZF

W g TNo-C ZNa. M gjzz ALZEZ0
maig; TNo-C ZNa.PM g’zz ALZF
7TAl Ne-C 7Na.PM g’zz ALZF
M [ 2Na v g,zz Al

natS 1 22N a 22M g

natc a 22N a 22M g

M g Na M g)zz Al

M o ”Na M g)zz Al

o g N v 2

TAl Na M g,zz Al

natMg 24Na 24Ne

natS 1 24N a 24N e

Al *Na “Ne

g “Mg independent

“'Mg A1 independent

nats i 26 Al 26S i

26Mg A1 independent

7TAl Al 0gj

Table 5.3: Product nuclides determined and radioactive progenitors considered for the
calculations
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Figure 5.39: Comparison of experimental cross sections for the production "“C from
natural oxygen and 3O from '°O with model calculations using the TALYS code.
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Figure 5.40: Comparison of experimental cross sections for the production *F from
sodium and natural magnesium with model calculations using the TALY'S code
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2.9 Comparison between experiment and theory

The production of Mg from natural silicon has actually an unique reaction
path, namely 3°Si(p,3p)?**Mg. This reaction tends to be increasingly underestimated

with increasing proton energy.
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Figure 5.42: Comparison of experimental cross sections for the production of 22Na and
Mg from natural silicon with model calculations using the TALY'S code
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Figure 5.44: Comparison of experimental cross sections for the production of 2°Al from
magnesium and aluminium with model calculations using the TALY'S code.
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5.5.3 INCL4+ABLA

As already pointed out before, all earlier available models and codes fail to repro-
duce the production of IMFs like "Be and '°Be. This is also true for the INCL4+ABLA
calculations as well as for the Bertini-Gilbert-Cameron calculations (Figure 5.46). The
calculations underestimate the experimental data by orders of magnitude. It is, how-
ever, a new observation that also the production of neon and sodium isotopes is grossly
underestimated (Figure 5.47). Mostly, the INCL4+ABLA calculations perform a lit-
tle bit better. Just for Mg and 2°Al examples can be shown for which the order of

magnitude of the experimental cross sections is met (Figure 5.47).
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Figure 5.45: Comparison of experimental cross sections for the production of "Be from
natural tantalum, tungsten, and lead with model calculations using the INCL4+ABLA

code and with Bertini-Gilbert-Cameron calculations.
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Figure 5.46: Comparison of experimental cross sections for the production of 1°Be from
natural lead and bismuth with model calculations using the INCL44+ABLA code and
with Bertini-Gilbert-Cameron calculations.

125



NUDATRA PROJECT

b}

"SUOIIR[NOTRD UOIIUIR)-}I8IN)-TUINISE YHM pue 9pod VIV HFTONI @Y} Sulsn suorje[nofed [opoul Yjm uaisgun) pue wnyejue)
[RINJRU WOIJ BN, JO ‘PO [RINJRU WOIJ dN,, PUR ON, JO uordnpoad oy} 10J SUOIN0S $SOIO [RjudwLodxo Jo uostedwon) :)3°G 031

A9 ul ABaaug

A9IN uil ABiaug

v0+31 £0+31 20+31 vo+3k €0+3l c0+3k

TT T T T T T T T T T MHO|M—‘ [TTT I [TT T [ [ MUO|MF
] D Q
] 2 ioul icoa g
E % 7] . 4
5 ‘ 2031 o NMM“ ] @
plou . Q . 11031 2
— W 1 ) 89MNH V * | W
3 1o 2 VZouO m Y . ] =
¥ : 5 %o * ¢ 1 00+34 3
1 o c

¥ 1 00+31 ] L0+31L

Zz-eN(x‘dp*'m Zz-eN(x‘d)eve)
A9\ ul ABudug A°IN ul ABiaug
v0+31 €0+31 20+31 v0+31 €0+31 20+31 10+31
e e €0-31 T —— €0-31
8 | |

| 0 paiiiut ‘ 0
T § = o
] @ E m ”No-mr @
103 g m ] 23
8 ] ] o
o ] >, ] T 2
1 00+3L 3 >
** ] 3 L ] 3
] (= [ ] ] (=

10431 1 00+31

Zz-oN(x‘d)*“qd

LZ-aN(x‘d)*qd

126



Comparison between experiment and theory

9.9

‘suoneqmnore)

TOIUIR)-}IO([LD-TUILIdE )M pUR 9p0od YTV HHTONT 93 SUISH SUOIJRINO[ed [OPOUL YIIM PRI [RINJRU WO [V,, JO PUR 8Ny, JO
‘wmpejue) [RINJRU WOIJ BN, JO ‘PRI [RINJRU WOIJ BN,. JO U0onpoxd o) 10§ SUOIDOS SS0Id [RjudwLddxe Jo uosteduio)) g ¢ oIng g

A9 u1 ABiaug A®IN ul ABiduzg
v0+3L £0+31 Z0+31 v0+31 £0+31 20+31
€031 e — —_ Vv ¥0-31
o
] .Wu ploul ] €0-31 w
ol L) 1 ¢031 “ puaq W 7]
g RIS
pHeq o 2 oL ] 8
] ] SOM v ] >
p00S * 5 ] 2 i = 1031 S
. 1'3 3 8670 m v ] -
% s 63Va o V' 100431 3
1 — ] (=2
c | ‘ ]
© 00431 L043)
9z-v(x‘dy®*Uqd 8z-BI(x‘d)*“ad
A3 ul ABidug A®IN ul ABiduzg
v0+31L €0+31 c0+31L y0+31 €0+3l c0+3l 10+31
. : — . €0-3l T T €0-31
: o W o
ioul 1 = ] &
JzoaL 9 i “zo3L 9
pueq / \ | @ s ] @
] 7] ] 7
90 & ] @ 95 OM . ] ®
ESiH ]ea g 1904 v ¢ [ Lo g
VZouD v hd ] g $ ] S
1 — 89NH m e ] -
86710 m + © 00+3L 3 o - 00+31 2
8 VO & ‘ 3 | 3
L @ * | o 1 T
L] ] .
& 3 10+31 1 10+31
vz-eN(x‘d)y*'ey zz-eN(x‘d)*“qd

127



NUDATRA PROJECT

128



6 Conclusions

By the evaluation of previous v-spectrometric measurements and by the measure-
ment of long-lived radioactive progenitors in targets of earlier experiments: UPPSOH,
UPPS0S and SACLOL this work is contribuing to the cross-sections database for pro-
ton induced reactions with a number of new cross sections covering target elements
Si, Ca, Ti, Mn, Fe, Ni, Cu and Ag, which are relevant for research studies concerning
accelerator driven technologies.

For the NUDATRA project a number of 173 excitation functions were studied
for the production of residual nuclides with masses between 3 and 30, over an energy
range extending from thresholds up to 2.6 GeV with targets spreading over the entire
chart of nuclides. The results have been compared with TALYS and INCL4+ABLA
codes. While TALY'S describes fairly well the shapes of the excitation functions, with
a few exceptions which were discussed in the proceeding chapters, INCL4+ABLA fails
to describe the experimental data by orders of magnitude.

The present work provides the necessary data and empirical systematic to allow
consistent and comprehensive testing of model calculations describing the production
of light intermediate mass fragments in proton-induced reactions. It covers sufficient
residuals and a wide energy range to contribute to the crucial question whether or not
the production of intermediate mass fragments are an extreme case of fission and evapo-
ration or whether a separate fragmentation mode is needed to explain the experimental
data.

The existing codes are not capable to predict reliably the experimental data.
As a consequence, for accelerator based technologies, it will be necessary to provide
extensive experimental database for radionuclide production which have to contain
all relevant nuclides for technological development, environment protection or other

reasons.
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A Studied reactions for NUDATRA project

Target Reaction Product
1 Fe 0 P,26pxn H 3
2 Ni 0 P.28pxn H 3
3 Pb 0 p.82pxn H 3
4 Mg 0 p.l1pxn He 3
5 Si 0 p.13pxn He 3
6 Fe 0 p.25pxn He 3
7 N1 0 p.27pxn He 3
8 Pb 0 p.81pxn He 3
9 Al 27 p.12pl3n He 3
10 Fe 0 p.25pxn He 3 C
11 N1 0 P.28pxn He 3 C
12 Pb 0 p.81pxn He 3 C
13 Al 27 p.12p13n He 3 C
14 Mg 0 p.l1lpxn He 4
15. Si 0 p.13pxn He 4
16. Fe 0 p.25pxn He 4
17. Ni 0 p.27pxn He 4
18. Pb 0 p.81pxn He 4
19. Al 27 p.12p12n He 4
20. N 14 p.5p4n Li 6
21. N 14 p.5p3n Li 7
22. O 16 p.6p4n Li 7
23. C 0 p.3pxn Be 7
24. N 0 p.4pxn Be 7
25. O 0 p.Spxn Be 7
26. Mg 0 p.9pxn Be 7
27. Si 0 p.11lpxn Be 7
28. Ca 0 p.17pxn Be 7
29. Ti 0 p,19pxn Be 7
30. N 0 p.20pxn Be 7
31 Fe 0 p.23pxn Be 7
32 N1 0 p.25pxn Be 7
33. Cu 0 p.26pxn Be 7
34. Zr 0 p.37pxn Be 7
35 Mo 0 p.39pxn Be 7
36 Ag 0 p.44pxn Be 7
37 Ta 0 p.70pxn Be 7
38 w 0 p.7lpxn Be 7
39. Pb 0 p.79pxn Be 7
40. C 12 p.3p3n Be 7
41. N 14 p.4p4n Be 7
42. O 16 p.5pSn Be 7
43. F 19 p.6p7n Be 7
44 Al 27 p.10plin Be 7
45 Mn 55 p.22p27n Be 7
46 Co 59 P.24p29n Be 7
47 Y 89 p.36p47n Be 7
48 Nb 93 p.38p56n Be 7
49 Au 197 p.76pl15n Be 7
50 Pb 206 p.79p121n Be 7
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51. Pb 207 p.79p122n Be 7
52. Pb 208 p.79p123n Be 7
53. Bi1 209 p.80p123n Be 7
54. N 14 p.4p2n Be 9
55. C 0 p.3pxn Be 10
56. N 0 p.4pxn Be 10
57. (0] 0 p.Spxn Be 10
58. Mg 0 p.9pxn Be 10
59. Si 0 p,11pxn Be 10
60. T1 0 p.19pxn Be 10
61. Fe 0 p.23pxn Be 10
62. N1 0 p.25pxn Be 10
63. Cu 0 p.26pxn Be 10
64. Ir 0 p.74pxn Be 10
65. Pb 0 p,79pxn Be 10
66. B1 0 p.80pxn Be 10
67. C 12 p.3p Be 10
68. Al 27 p,10p8n Be 10
69. Mn 55 P.22p24n Be 10
70. Co 59 Pp.24p26n Be 10
71. N 14 p.3p2n B 10
72. 0] 16 p.4p3n B 10
73. N 14 p.3pn B 11
74. 0] 16 p.4p2n B 11
75. o 16 p.3p3n C 11
76. o 0 p,3pxn C 14
77. Si 0 p.9pxn C 14
78. Fe 0 p.21pxn C 14
79. N1 0 p,23pxn C 14
80. o) 16 p.3p C 14
81. o 16 p.pn 0] 15
82. Mg 0 p.4pxn F 18
83. Cu 0 p.21pxn F 18
84. Ag 0 p.39pxn F 18
85. Pb 0 p,74pxn F 18
86. Na 23 p.3pxn F 18
87. Al 27 p.5pxn F 18
88. Mg 0 p.3pxn Ne 20
89. Si 0 p.5pxn Ne 20
90. Fe 0 p.17pxn Ne 20
91. N1 0 p.19pxn Ne 20
92. Al 27 p.4p4n Ne 20
93. Mg 0 p.3pxn Ne 21
94. S1 0 p.Spxn Ne 21
95. Fe 0 p.17pxn Ne 21
96. Ni 0 p.19pxn Ne 21
97. Pb 0 p.73pxn Ne 21
98. Al 27 p.4p3n Ne 21
99. Mg 0 p.3pxn Ne 22
100. Si 0 p.Spxn Ne 22
101. Fe 0 p.17pxn Ne 22
102. Ni 0 p.19pxn Ne 22
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103. Pb 0 p.73pxn Ne 22
104. Al 27 p.4p2n Ne 22
105. Mg 0 p.3pxn Ne 22 C
106. Si 0 p.Spxn Ne 22 C
107. Fe 0 p.17pxn Ne 22 C
108. N1 0 p,19pxn Ne 22 C
109. Pb 0 p.73pxn Ne 22 C
110. Al 27 p.4p2n Ne 22 C
111. Mg 0 p.2pxn Na 22
112. Si 0 p.Apxn Na 22
113. Ca 0 p.10pxn Na 22
114. Ti 0 p.12pxn Na 22
115. Vv 0 p.13pxn Na 22
116. Fe 0 p.l6pxn Na 22
117. N1 0 p,18pxn Na 22
118. Cu 0 p.19pxn Na 22
119. Sr 0 p.28pxn Na 22
120. Mo 0 p.32pxn Na 22
121. Ag 0 p.37pxn Na 22
122. Ta 0 p.63pxn Na 22
123. W 0 pX Na 22
124. Pb 0 p.72pxn Na 22
125. Na 23 p.pn Na 22
126. Mg 24 p.2pn Na 22
127. Mg 25 p.2p2n Na 22
128. Mg 26 p.2p3n Na 22
129. Al 27 p.3p3n Na 22
130. Mn 55 p.15p15n Na 22
131. Co 59 p.17p21n Na 22
132. Y 89 p.29p39%p Na 22
133. Nb 93 p.31p63n Na 22
134. Bi 209 p.73pl15n Na 22
135. Mg 0 p.2pxn Na 24
136. Si 0 p.4pxn Na 24
137. Ca 0 p.10pxn Na 24
138. T1 0 p.12pxn Na 24
139. Vv 0 p.13pxn Na 24
140. Fe 0 p.16pxn Na 24
141. N1 0 p,18pxn Na 24
142. Cu 0 p.19pxn Na 24
143. Zr 0 p.30pxn Na 24
144. Ag 0 p.37pxn Na 24
145. Ta 0 p.63pxn Na 24
146. Pb 0 p.72pxn Na 24
147. Al 27 p.3pn Na 24
148. Sc 45 p.l1plln Na 24
149. Ti 48 p.12p13n Na 24
150. Mn 55 p.15p17n Na 24
151. Co 59 p.17p19n Na 24
152. Au 197 P.69p105n Na 24
153. Si 0 p.3pxn Mg 28
154. Ca 0 p.9pxn Mg 28
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155. Ti 0 p.11pxn Mg 28
156. Vv 0 p.12pxn Mg 28
157. Fe 0 p.15pxn Mg 28
158. Cu 0 p.18pxn Mg 28
159. Pb 0 p,71pxn Mg 28
160. S1 30 p.3p Mg 28
161. Mn 55 p.14pldn Mg 28
162. Co 59 p.l6plén Mg 28
163. Bi1 209 p.72p110n Mg 28
164. Mg 0 p.Xn Al 26
165. S1 0 p.2pxn Al 26
166. Ca 0 p.8pxn Al 26
167. T1 0 p,10pxn Al 26
168. Fe 0 p.14pxn Al 26
169. N1 0 p.16pxn Al 26
170. Pb 0 p.70pxn Al 26
171. Mg 26 p.xn Al 26
172. Al 27 p.pn Al 26
173. Mn 55 p.13pl7n Al 26
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B Product-target overview for NUDATRA data

Products Targets Radioactive
Progenitors
3H natF e, natNi, nath
3He natMg’ natsi’ natFe, natNi, nath’ 27A1
3He_c natFe’ natNi’ nath, 27A1 3H
4He natMg’ natsi’ natFe’ natNi’ nath’ 27A1
Li “N ‘He
Li 14N,16O
7Be natC’ natN’ natO’ natMg, natSi’ natca’
natTi’ nat\/’ natF e, natNi’ natcu’ natZ T,
natMO’ natAg, natTa’ natw, nath’ 12C,
14N, 160, 19F, 27A1, SSMI’I, 59C0, 89Y,
93Nb, 197Au, 206Pb, 207Pb,208Pb, 209Bi
°Be 14N 9Li, 9C
1OBe natC’ natN’ natO’ natMg, natsi, natTi,
natF e, natNi’ natcu’ natI I, nath’ natB i,
12C, 27A1, SSMH, 59C0
g 14N, 160 IOBe
B 14N,16O IIBC, llLi, llc
T I6
148 nat(())’ natsi’ natFe’ natNi’ 160 14B, 14Be
15 16
13(F) nat(;/[g’ natcu,natAg’ nath’ 23Na, 27A1 18Ne
20Ne natMg’ natsi, natFe, natNi, 27A1 ZOF, 200,2ON,20C,20Mg,2ONC
21Ne natMg’ natsi, natFe’ natNi’ nath’ 27A1 ZlMg,lea,le,le,le
22Ne natMg’ natsi, natFe’ natNi, nath’ 27A1 ZZSi,22A1,22Mg’ 220,22F
“Ne-c natMg’ natsi, natFe, natNi, nath’ 27A1 22Si’22A1’22Mg,22Na,220,22F
22Na natMg’ natsi’ natCa, natTi’ natV’ natFe’ 22A1, 22Mg, 228i
natNi’ natcu, nats T, natM o, nat A gjznéatTa’
s g, MG MIE
Al, °Mn, “"Co, Y, "Nb, ~"Bi
24Na natMg’ natsi’ natCa, natTi’ natV’ natFe’ 2407 24F, 24Ne
natNi’ natcu, natZ I, nat A g, natTa’ nath,
27A1, 4SSC, 48Ti, SSMH, 59C0, 197Au
ZSMg natsi’ natca’ natTi’ nat\], natFe, natcu’ 28Na, 28Ne
nath’ 3OSi, SSMII, SQCO, 209Bi
26A| natMg’ natsi’ natca, natTi, natFe’ natNi’ 26P, 26Si
nath’26Mg’ 27A1, SSMn
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C Excitation functions for the NUDATRA
experimental data

The graphs are displayed in increasing order of the atomic number of the products:
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D Product-target combinations covered for Talys

calculations
Target | Product | Considered Progenitors
natO 14C 14B
natgi A0 independent
0 e independent
%0 0 independent
natMg ISF 18Ne
TNa ®p BNe
TAl B BNe
T g N D 200, PNa, Mg
natSi “'Ne “F,°0,”Na,”’Mg
TA] Mo D 20, ONa, "Mg
T g Ne 2 710, 7 'Na,” Mg
marg; Ne I 710, 7N,/ Mg
2TA] TNe 2T 710, 7 'Na,” Mg
T g Ne Mg 2ALZF, 20
mai g Ne M g)zz ALZF
Al N Mg ZALZF
T g No-C 7Na. M g)zz ALZEZ0
maig; No-C 7Na. M g)zz ALZF
Al TNe-C Z2Na, P Mg, ZA1ZF
R [ Na M g)zz Al
natSi 22Na 221\/1g
natCa 22Na 22Mg
Mg Na Mg ZAL
BMg Na Mg ZAL
BMg Na Mg
TA] Na 22Mg,22 Al
natMg 24Na 24Ne
natsi 24Na 24Ne
27A] Na Ne
S “Mg independent
Mg Al independent
natsi 26A1 26Si
“Mg Al independent
TA] %A1 TG
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