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Resumen i

RESUMEN EN CASTELLANO

1. Introduccién.

La creciente demanda de energia ha hecho crecer el interés por el desa-
rrollo de los reactores nucleares de fisién. Tanto si se pretende mejorar el
rendimiento de los reactores actualmente en explotacién (ciclos del U,,q
y del Th), como si se busca un procedimiento para la trasmutacién de los
desechos radiactivos de larga vida media, es necesario disponer de datos
mas precisos sobre las secciones eficaces de interaccion de neutrones sobre
los actinidos menores y los productos de fisién de larga vida media.

Los datos actualmente disponibles en las bases de datos nucleares (ENDF,
JENDL, ...) muestran grandes discrepancias y tanto la OCDE-NEA co-
mo la TAEA han elaborado una serie de recomendaciones acerca de los
datos mas relevantes que han de ser medidos dentro de este contexto,
entre los que se encuentra el 234U, que es el principal objetivo de este
trabajo de tesis.

El trabajo que se presenta en esta Tesis se refiere a las medidas realizadas
dentro de la colaboracion n_TOF del CERN, con la finalidad de obtener
datos precisos sobre las secciones eficaces de fision de estos isétopos del
uranio, con un haz de neutrones de muy alta resolucién en energia, en el
rango extendido desde 1 eV hasta 1 GeV.

2. Conceptos basicos de la fisién inducida por neutrones.

La fisién es un proceso extraordinariamente complejo en el que el com-
portamiento colectivo de los componentes de un nicleo fuertemente de-
formado producen la ruptura nuclear en dos nicleos mas ligeros de masas
comparables, que llamaremos fragmentos de fisiéon (FF). Estos FF se
producen con unas distribuciones de masas y energias cinéticas que son
dependientes de la energia del neutréon incidente. También en funcién de
la energia del neutrén incidente, se observa una determinada distribucién
angular de los FF.

En el Capitulo2 de esta memoria se analizan estos conceptos, profun-
dizando Unicamente en aquellos puntos que son relevantes para la inter-
pretacién de los datos obtenidos en este trabajo.



ii

Resumen

3. El dispositivo experimental.

El trabajo que ha conducido a esta Tesis doctoral ha sido realizado en
las instalaciones del CERN (Ginebra Suiza) denominadas n_TOF. En la
Figura 1 se puede ver un esquema de dichas instalaciones. Se ha utilizado
un haz pulsado de protones del acelerador PS con una energia 20 GeV/c,
una intensidad de 7 x 10'2 protones y tiempo de duracién del pulso de
tan sélo 7 ns r.m.s.

I Experimental =~
Area

ﬁ Sample .
Sl
* =— Neutron Beam
oewerr s

10% production angle

Figura 1: Vista general de la instalacion n_TOF en el CERN.

El haz de protones incide sobre un blanco de plomo en el que, por es-
palacién, se produce un pulso de neutrones. La principal caracteristica
de n_TOF fue la de producir un haz pulsado de alta intensidad de neu-
trones con un espectro blanco de energias en el rango 1eV hasta 1 GeV.
Su altisima intensidad lo convierte en tnico en el mundo. El haz, de-
bidamente colimado, se dirige a la zona experimental a lo largo de un
tubo de vacio, de unos 185 m de longitud, de forma que los neutrones
de mayor energia llegan antes que los que tienen menos. De modo que,
mediante la medicién del tiempo de vuelo, se puede tener una determi-
nacién precisa de la energia de los neutrones que se hacen incidir sobre
el blanco, en el que se ha depositado una muestra de los is6topos cuyas
secciones eficaces se quieren analizar.

Los detectores utilizados han sido especialmente disenados y construidos
para este experimento. Son detectores gaseosos del tipo PPAC (Parallel
Plate Avalanche Counter) [64] cuyas principales caracteristicas son:

- gran rapidez de la senal y muy reducido tiempo muerto, lo que permite
la deteccién precisa de los fragmentos de fissién en coincidencia, con al-
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tas tasas de recuento y un fuerte rechazo del ruido;

- respuesta casi proporcional a la energia depositada, lo que facilita discri-
minar los pulsos producidos por las particulas alfa de emisién espontanea;
- alta resistencia a la radiacién ionizante;

- posibilidad de cubrir grandes superficies de deteccién a bajo coste;

- poca seccidn eficaz de interaccién con la radiacién gamma, lo que per-
mite realizar medidas en tiempos muy cercanos al del pulso inicial, es
decir, hasta las maximas energias de los neutrones incidentes;

- la poca masa interpuesta en el flujo de los neutrones permite medir
hasta nueve blancos simultdneamente.

El sofisticado sistema de adquisiciéon de datos, basado en convertidores
rapidos de analdgico a digital (FADC), ha sido especificamente desarro-
llado para la colaboracion n_TOF, aprovechando la gran capacidad de
transmisién y almacenamiento de datos, asi como la potencia de célculo
disponibles en el CERN.

Los blancos utilizados durante las campanas de medida en las que se ha
desarrollado el trabajo de esta tesis, pueden verse en las Tablas 3.1 en
la Seccién 3.2.

4. La reduccién de datos.

Una parte importante del presente trabajo consiste en la descripcién del
procedimiento especialmente desarrollado para transformar la informa-
ciéon registrada por los detectores que fueron utilizados en n_TOF, para
obtener los valores de las tasas de reaccién, definidas como las fracciones
de los neutrones que inciden sobre las muestras y producen reacciones
de fision.

Para definir un suceso de fisién se necesita la deteccién en coincidencia
de sus dos fragmentos (ver Figura 4.4 de la memoria). Para ello, tanto
los digitalizadores como los distintos electrodos de las PPACs utilizadas,
fueron debidamente calibrados para obtener las estrechas resoluciones
temporales requeridas.

En la Figura 4.5 de la memoria se describen los distintos casos de suce-
sos que pueden obtenerse y, a lo largo de la Seccion 4.2, se describe la
metodologia empleada para reconstruir los sucesos de fisién con la mayor
eficiencia posible.

5. Procedimiento de extraccion de las secciones eficaces.

La determinacién de valores absolutos de secciones eficaces es una tarea
muy complicada. En nuestra aproximacién nos restringimos a producir



iv

Resumen

medidas relativas, aprovechando el hecho de que podemos poner varios
blancos simultaneamente bajo el mismo flujo de neutrones.

Para una superficie unitaria centrada en una posicién determinada (x,y),
el nimero de fisiones que nuestro dispositivo experimental detecta, y
cada intervalo de energia (E), puede escribirse como:

n(z,y, ) = o(x,y, E) p(x,y) op(E) e(E) (1)

donde oy es la seccién eficaz de fisién, ¢ es el fluyjo de neutrones por
unidad de surperficie y energia, p es la densidad superficial de masa
(nimero de nicleos por unidad de superficie) y ¢ es la eficiencia en la
deteccién de los fragmentos de fision.

Considerando una superficie unitaria suficientemente pequena como para
poder considerar constantes tanto el flujo de neutrones como la densidad
superficial de las muestras depositadas en los blancos, es facil ver que

of(E)  n%(z,y,E) p’(z,y) ()
b

HE) Wy, B) p(r.0) FE) ®

donde uno de los blancos, usado como referencia, ha de tener una seccién
eficaz de fisién bien conocida. En este trabajo han sido utilizados 23°U
y 238U como blancos de referencia.

En la Seccién 5.1 se discuten los problemas relacionados con el calculo de
las eficiencias con el dispositivo experimental basado en las PPACs. Mas
adelante, se discuten los problemas encontrados debido a la anisotropia
de la emisién de los fragmentos de fisién, que es un problema que afecta
a la eficiencia de deteccién y que es complicado de corregir. Un resultado
de las medidas obtenidas de la anisotropia del 233U se pueden ver en la
Figura 2.

En la Figura 5.22 de la memoria se pueden ver los resultados de las
eficiencias calculadas para los blancos 0 y 1, ambos con muestras de 234U.
Los puntos representan las eficiencias calculadas para cada intervalo de
energia, mientras que la curva es la funcién spline obtenida mediante
ajuste por minimos cuadrados. Si se compara con los datos obtenidos en
la literatura, se observa que estos no llegan més que hasta 20 MeV.

. Resultados obtenidos para el 24U.

Las secciones eficaces de fisién del 224U que han sido obtenidas en este
trabajo, se muestran en el Capitulo 6, para todo el rango de energias de
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Figura 2: Parametro asociado a la anisotropia obtenido para el 23%U.
En negro se muestran los resultados obtenidos por otros autores.
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Figura 3: Seccion eficaz de fisin del 2>*U en el rango de energias entre
200 keV y 20 MeV.

n_TOF. Las medidas obtenidas son medidas relativas, normalizadas a la
evaluacion de la ENDF en la region entre 1 y 4 MeV. Como ejemplo,
en la Figura 3 representamos los resultados obtenidos para energias por
encima del umbral.

En el rango de bajas energias la extraordinaria resolucién con la que
medimos las resonancias nos invita a llevar a cabo, en un futuro préximo,
un nuevo andlisis de los pardmetros de las resonancias, mejorando los
medidos por James et al. [84] en el ano 1977.
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7. Conclusiones

El objetivo de este trabajo era la medida de la seccion eficaz de fisién
inducida por neutrones en el rango de energias desde 1 eV hasta cientos
de MeV.

Se ha desarrollado un nuevo método adaptado para el tratamiento de
los datos obtenidos con los detectores PPAC y utilizando el sistema
de adquisicién de datos de la instalacion n_TOF incluyendo un estu-
dio detallado del comportamiento de los detectores en las particulares
condiciones de funcionamiento de la instalacién.

Ademas de la medida de la seccién eficaz, también se ha podido dar un
valor cualitativo para la anisotropia en la distribucién angular de los
fragmentos de fisién emitidos en la reaccién de fisién.

Con estas medidas se ha probado la aptitud de los detectores PPAC para
medir secciones eficaces de ntcleos radiactivos hasta energias tan altas
como cientos de MeV, segin lo cual se estd planeando nuevas medidas
en la ampliacién del proyecto n-TOF que comienza en el ano 2006.
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Chapter 1

Introduction

Various sources alert us on the rapidly increasing energy demand for this
century, mainly due to the increasing needs in developing countries. Curren-
tly, energy production is based on the combustion of fossil fuels (oil, coal
and natural gas), hydroelectric power, renewables energies and nuclear fission
(Figure1.1).

2002

Combustible
Renewables
Hy doro & Waste Other**
2.2% ; 0.5%
10.9%
Nuclear Coal

6.8% ' 23.5%

Natural £
Gas N
21.2%

10 230 Mtoe

Figure 1.1: Fuel Shares of the World Total Primary Energy (TPE) in
2002. Total energy values are supplied in Million Ton Oil Equivalents
(Mtoe) [1]. Others includes geothermal, solar, wind, heat, etc.



2 Introduction

Roughly speaking, three fourths of the world’s energy is produced by com-
bustion of fossil fuels. The corresponding release of CO3 into the atmosphere
is the main cause of the greenhouse effect, resulting in global warming and the
urgent need to reduce the amount of combustion emissions. Moreover, fossil
fuels are non-renewable and, at current consumption levels, oil reserves are
estimated to last about 40 years, gas reserves 60 years and coal reserves 200
years [2].

Renewable energy sources, such as solar and wind energies, are intermittent
and less able to compete at the level of the high-power national networks.
Nevertheless, with the present technological development, they can be consi-
dered as a mid-term option to replace a percentage of the traditional produc-
tion (likely up to 20% by 2020).

Hydraulic resources are almost fully harnessed in developed countries and
big dams have huge environmental and social implications. Therefore, only
10 % growth is expected for the mid-term.

At this point, we should consider the role of nuclear energy for the future [3].
At present, nuclear energy provides less than 10 % of total world’s energy pro-
duction, and there are several constraints to its large-scale development.

In what concerns safety, the so-called standard nuclear reactors, that are
currently in use, function in the critical mode which means that the chain
reaction is supported by one and only one of the neutrons released in the fission
reaction [4]. If more than one released neutron causes a fission the reactor
becomes supercritical (diverges): the amount of released energy increases and
the temperature elevation can lead to a major nuclear accident. To avoid
this, the security standards for nuclear reactors require that an increase in
temperature must be automatically compensated by a decreasing number of
fissions. This is referred to as passive safety.

Standard reactors generate energy from the fission of 23°U. Taking into
account that the uranium isotopic composition is 99.3 % 238U and 0.7 % 23°U,
with traces of 234U, only a small fraction of the natural uranium is converted
into energy in these reactors. Moreover, the world supply of uranium ore is
limited, so it must be considered too as a non-renewable energy source. Ex-
cluding fuel recycling or regeneration, “economical” uranium resources! are
estimated to last several hundred years at current consumption rates. How-
ever, if the share of nuclear energy in the world’s energy consumption were to
increase significantly, these resources could be spent in a much shorter time.

Finally, the highly radioactive wastes generated during power production

'f extracting uranium from seawater becomes economical, uranium reserves could be
practically unlimited



are the greatest challenge to the use of nuclear energy. They include long-lived
radioactive elements like Plutonium, minor actinides or fission fragments, that
must be isolated from biological systems for the time of their active life, which
can be of the order of millions of years.

Nuclear waste storage in deep geological sites seems to be an effective
procedure, but might prove insufficient if the wastes produced were constantly
increasing. For this reason, waste transmutation should be considered as part
of the solution. Transmutation can be defined as the process of converting
one element into another. In the context of conditioning the constituents
of the spent fuel, transmutation converts plutonium and other actinides and
long-lived fission isotopes into isotopes with more favourable characteristics.

Several interesting proposals have been made in an attempt to resolve
issues related to energy production by means of innovative nuclear technologies
(Generation IV International Forum [5]). One of them is the Accelerator
Driven System (ADS) concept, consisting of a sub-critical reactor operating
with fast or thermal neutrons supplied by an external source such as a proton
accelerator [6-8]. There are several advantages related to this kind of reactor:

e It operates in a sub-critical mode which reduces the risk of a diverging
reactor behaviour. The neutrons required to sustain the chain reaction
are produced by an accelerator that needs only to be turned off to stop
the reactor immediately. This type of reactor is far more secure than
the standard ones because efficient passive security devices can be built,
such as automatic accelerator shutdown at the first sign of abnormal
temperature rise, provided the criticity of the core is well probed.

e Thorium, in addition to uranium, can be used as nuclear fuel. 23?Th
together with 238U are the fertile elements existing in nature. In the
thorium-uranium (Th-U) cycle, shown in the Figure 1.2, the fissile ele-
ment 233U is regenerated by the 232Th(n,y)?*3Th(3)?**Pa(3)**3U pro-
cess. Thorium has only one isotope, 232Th, so his use is more efficient,
and its abundance in the earth’s crust is about three times that of ura-
nium [9].

e Nuclear waste transmutation. Plutonium and minor actinides can be
incinerated in an ADS. By placing them in the neutron flux for long
periods they can be eliminated and their fission also produces energy.
The resulting fission products are the same as in a standard reactor:
some of them are radioactive with a long half life, and consequently need
long-term storage. However, destroying existing stocks of plutonium and
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minor actinides reduces significantly the volume of nuclear wastes that
require long-term storage. Simulations done with the thorium-uranium
cycle also show that the production of minor actinides is two or three
orders of magnitude smaller than the uranium-plutonium cycle [10].

In the design of an ADS prototype, Monte Carlo techniques are used to pre-
dict its performance in different configurations and running conditions. These
Monte Carlo simulations require an accurate knowledge of involved nuclear
reaction data, in particular neutron cross-section data, because the quality
of a simulation depends on the quality of the data used as input. Unfortu-
nately, severe deficiencies and differences exist in the compilation databases
currently available, which are generally based on different experimental mea-
surements and existing theoretical models. Higher fuel burn-up and especially
waste incineration options require new and better data on minor actinides
and long-lived fission products. Better data are also needed for developing the
structural components of the ADS.

In addition, these data also have significant implications for basic and
applied research in other fields, such as astrophysics, fundamental nuclear
physics and dosimetry.

1.1 Nuclear data for the Th-U cycle isotopes

The neutron data libraries presently in use are derived from evaluations based
on experimental data or from nuclear models which are used where experi-
mental data are lacking or inconsistent [11,12]. The availability of complete
evaluations with high accuracy and energy resolution influences the reliability
of both design and safety studies in nuclear energy. Some of the evaluations
currently available in the nuclear databases fall well below the required stan-
dards.

The International Atomic Energy Agency (IAEA) Nuclear Data Center
(Vienna) recommendations [13] for improving the available nuclear data in-
formation include the isotopes relevant to the Th-U cycle, specifically 232Th,
231,233pg and 232:233,234.2361] among the first priority isotopes. Of these seven
isotopes, 233Pa and 232U are not easily accessible for experimental measure-
ments due to their high specific activity, which limits their availability with
the sufficient purity and makes transportation difficult.

In addition to their interest for the present nuclear technology, the fission
cross sections of these isotopes generate important information on nuclear
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structure due to their specific nucleonic composition; providing a very com-
plex and well-defined fine structure for the potential surface energy around the
fission barrier. The neutron induced fission process can be understood by in-
troducing a double-humped fission barrier (DHB) [14,15] (see Subsection 2.1),
which is in good agreement with both the experimental data and theoretical
predictions for light and heavy actinides. However, for some light actinides
such as 232Th and 234U, the calculated first saddle and second minimum of the
double-humped potential barrier are several MeV lower than the experimental
values commonly attributed [16]. This discrepancy is referred to as the “tho-
rium anomaly” in the fission literature [17]. In particular, experimental results
on the nuclei 22°Th and 232Th indicate a dominant additional barrier, resulting
in the creation of a shallow third well, roughly 1 MeV deep, just deep enough
to accommodate some very deformed metastable states. This effect suggests
the existence of the so-called triple-humped fission barrier (THB) [18], which
was predicted by Aage Bohr in 1955. The study of the vibrational resonance
structures in these anomalous nuclei could directly confirm the existence of
the THB and shed some light on the question of the thorium anomaly, which
remains unresolved since the first half of the seventies.

The nuclear data for the Th-U cycle nuclides were evaluated in the early
seventies and mid-eighties and do not fulfil the current accuracy require-
ments. There are large discrepancies between the evaluated neutron data
files JENDL-3.3? and ENDF/B-VI? released by the IAEA Nuclear Data Ser-
vice. One of the striking discrepancies is that the resolved and unresolved
resonance regions are different for most isotopes. The cross-section shapes
in the epithermal and resolved resonance regions also differ significantly for
all these isotopes. A critical analysis of these two nuclear data files indicates
that experimental data are incomplete or even missing in many cases and
the evaluated cross sections rely heavily on theoretical models and nuclear
systematics.

This work will focus on the neutron-induced fission cross section of the 234U
isotope. In the Th-U cycle, the 234U is formed by neutron capture in 233U, as
well as by capture in ?**Pa and beta decay of the 2**Pa (see Figure1.2). In
thorium reactors, the formation of 23U by neutron capture in 234U helps to
reduce the burn-up swing in long-lived cores. The 234U plays a role in thorium
fuel cycle similar that of the 24°Pu isotope in the U-Pu fuel cycle. Since 234U
also is formed by (n,2n) reactions in 23U, it is a common isotope to both fuel
cycles.

2 Japanese Evaluated Nuclear Data Library
3 American Evaluated Nuclear Data Library
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Figure 1.3: Comparison of ?**U fission cross section as a function
of the neutron energy for the currently available evaluations (ENDF/B-
VI,JENDL-3.3,JEFF-3.1)

For 234U fission cross section the unresolved resonance region extends up
to 100keV in ENDF/B-VI/R5 as compared to 50keV in JENDL-3.3. Addi-
tionally, in the 1-10 MeV region, both fission cross sections are within a 5%
band (Figure 1.3), whereas the accuracy required for this isotope should be
lower than 3 %.

4Joint Evaluated Fission and Fusion Library, created by the Nuclear Energy Agency.
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Motivated by the related issues, the Joint CERN-EC-GEDEON-OECD/NEA
Workshop was organised at CERN (European Organization for Nuclear Re-
search) in September 1998, inviting many interested experimental groups from
almost all European countries to elaborate a physics programme to investi-
gate the opportunities offered by the proposal of a new Neutron Time of
Flight Facility at CERN (n-TOF) [19,20]. These groups started the “Euro-
pean n_TOF Collaboration”, establishing the main research lines that were
presented in March 1999 in the proposal “European Collaboration for High-
Resolution Measurements of Neutron Cross Section between 1 eV and 250
MeV”.

The idea for the Neutron n_TOF facility was to take advantage of the high
intensity proton accelerator PS at CERN to obtain an intense neutron source
by spallation mechanisms. This neutron yield determines the accessible path
length and thus the energy resolution obtained by means of neutron time of
flight techniques. The construction and commissioning of the neutron beam
line was finished in April 2001 and since then an important set of differen-
tial cross-sections measurements has been completed, which includes those
described in this work.

This thesis work has been performed within the framework of the n_ TOF-
ND-ADS project. The layout of this thesis memory is as follows:

Chapter 2 provides a brief introduction to some fission concepts related to
this work. The main characteristics of the n_TOF facility together with the
experimental setup employed in the measurements are explained in Chapter 3.

The data reduction process for the fission detectors is described in Chapter
4, while the procedure implemented to determine the cross sections is explained
in Chapter 5. Chapter 6 is a discussion about the results of the 234U (n,f) cross
section, the main aim of this work.

Finally, the most relevant contributions of this thesis are highlighted in
the Conclusions.



Chapter 2

Neutron-induced fission
backgrounds

In the quest for a deeper understanding of the nuclear fission process, neutron-
induced fission has always played the most important role. Hahn and Strass-
mann actually discovered fission while investigating the reaction products of
uranium irradiated with neutrons [21]. Many of the physically interesting de-
tailed phenomena of nuclear fission were also found in later studies on neutron-
induced fission. However, fission induced by neutrons cannot be separated
from the general nuclear fission process. Nuclear fission is an extremely com-
plex collective process in which a highly-deformed heavy nucleus undergoes a
deep rearrangement, breaking into two fragments of comparable masses.

An extensive description of the fission reaction and review of the many
experimental and theoretical works in this field is well outside the scope of
this work, which is the measurement of fission cross sections. Here only a
brief summary of those features relevant to this work will be presented, fo-
cusing mainly in the physical parameters of the fission products from which
we identify the fission events. For an extended review, the lectures of the
Vandenbosch [22] and Wagemans [23] books provide a thorough description of
developments in this field.

2.1 The fission process

Fission is generally treated as a collective phenomenon according to the liquid
drop model (LDM) [4,24]. The analogy with a charged drop of liquid is
not only helpful analytically, but also provides a useful image of the process.
The liquid drop model predicts spherical shapes for the ground states of stable
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nuclei and the “fission barrier” (see Figure 2.1). Inside this model spontaneous
fission can occur via quantum mechanical tunneling through the fission barrier.

A
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Figure 2.1: Schematic picture of potential energy contours as a func-
tion of deformation parameters [14] (top). The fissioning system shape
modifies continuously during the motion from the formation of the ini-
tial state to the elongated pre-scission shape. The fission path (dashed
line) corresponds to the lowest potential energy when increasing deforma-
tion. The one-dimensional representation of the potential energy along
the fission path (bottom figure) shows the referred fission barrier.

In spite of the first successes in the fission process description, the LDM
cannot explain some basic properties of the actinides: their non-spherical
ground states and their asymmetric mass division (see Figure2.7). It is ne-
cessary to introduce the shell effect in the fission process explanation.

The nuclear shell model [25] was developed in analogy to the atomic shell
model. The mutual interaction between the nucleons is described by an ave-
rage potential, the shell model potential, consisting of a central potential and
a spin-orbit interaction, and the nucleons are assumed to move independently
in this potential. The shell model accounts for the fission fragment asymmetry
by means of the concept of closed nucleon shells and “magic numbers”.

However, the most drastic effect of shell structure occurs in the fission bar-
rier itself. As we begin to stretch the nucleus (characterized by an eccentricity
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Vi(q)

Figure 2.2: Schematic picture of the fission barrier of a typical actinide
nucleus. The dashed line shows the single barrier predicted by the LDM,
while the solid line includes the corrections due to shell structure.

parameter q), the potential energy increases like ¢, giving an approximate
parabolic dependence. The now deformed nucleus is modelised by the few nu-
cleons out of the spherical symmetry, which are called valence nucleons. The
single-particle states [26] in the now deformed nucleus vary with deformation
and their enery increases or decreases depending on the state. If the valence
nucleons are in a state that happens to have V(q) with positive slope, the net
increase in energy with deformation will be faster than the parabola. At some
point, however, increasing g a cross-point with a negative slope state is reached
and the valence nucleon now follows the new state, with lowest energy, being
now the net change in energy below the parabola. It remains so until a new
crossing with a state whose energy increases with g. This oscillation due to
the changing behaviour of the valence particles with ¢ is shown in Figure 2.2.
At the point where fission begins to occur, the form of the single barrier be-
comes modified and the energy dependence introduced by the single-particle
shell structure results in a fission barrier with two humps. The net effect for a
nucleus being excited above the bottom of the second well, is that penetration
of the two thinner barriers becomes more probable and fission can occur.
The introduction of the double-humped barrier was necessary to explain
the fission isomers or shape isomers, isomeric excited states with unusually
short half-lives for spontaneous fission discovered in 1962 [27]. It was postu-
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lated that these isomers were actually states in an intermediate potential well
and could decay either by fission through a relatively thin barrier, or by -
emission back to the ground state (see Figure 2.3). This explanation of the
fission isomers was confirmed by measurements of the rotational spectra of the
excited states in the second potential well.
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Figure 2.3: The double-humped fission barrier can explain the existence
of short-live fission isomers. The penetrability of the second hump of the
barrier is greater that of the whole barrier. The nuclear states in the first
and the second well are referred to as class I and class II states, while
the states in the top of the barriers are the intrinsic or transition states.

Another influence of the second potential well is on the structure of the
resonances in fission cross section. There are many individual fission reso-
nances in the eV-keV region and we can consider these resonances as originated
from excited states in the first potential well. In any nucleus, at an excitation
of 6 MeV following neutron capture, the average level spacing is of the order
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Figure 2.4: The clustered resonance structure is expalined by the class
I and class II states coupling. [14]
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of eV. Not all of these excited compound states following neutron capture are
likely to fission and fission resonances are clustered in well-separated groups.
This effect occurs because the second well is not quite as deep as the first.
The density of the states of any nucleus depends on the excitation energy
above the ground state — the higher we go above the ground state, the closer
together are the states. States in the second well at the same energy as those
in the first well are, on the average, further apart. Another difference is that
states in the second well have a higher probability to fission, because they
must penetrate only one barrier and thus a greater width than the states in
the first well. This means that the fissioning states are selected through the
overlap in energy between the narrow, closely spaced states in the first well
and the broader, more widely spaced states in the second well. The effect is
also translated to the cross section and gives rise to resonance structures as
shown in Figure2.4.

To close this preamble, it is worth to point out the strong dependence
of the fission cross section on the nucleon pairing. Considering the uranium
isotopes, the odd-A nuclei can fission with thermal neutrons while even-even
nuclei present a fission threshold in the MeV region. For nuclei like the 23°U,
cross section is characterised by a 1/v dependence in the thermal region and
a very complex resonance structure (see Figure 2.5). At this energy region,
fission cross section dominates over scattering and radiative capture and is
three orders of magnitude larger than the cross section for fast neutrons. On
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the other hand, 233U requires more energy to fission than 23°U because of the
energetics of the pairing term and so it will only fission with fast neutrons.
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Figure 2.5: Cross sections of the neutron-induced fission of **>U and
281 — isotopes used as standard references. Cross sections correspond
to the probabilities for a given process, in this case fission, and are cus-
tomarily expressed in units of barn (1b = 10"2%cm?).

2.2 Characteristics of fission fragments

Nuclear fission consists in the nucleus division into two fragments of com-
parable nuclei mass (primary fission fragments) and not uniquely determined.
Neutron-induced fission events are described by their mass numbers (A;), their
charge numbers (Z;) and their kinetic energies, and also their emission angles
with respect to the beam axis must be known.

One or more neutrons are evaporated from the fissioning nucleus or from
the excited fragments in times less than 107'% s, which means that the nuclei
actually detected in experiments are not the primary fragments, but secon-
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dary fragments that have lost a varying number of neutrons. Nevertheless, it is
important to note that both the energy and the angular momentum carried out
by the evaporated neutrons is only a small fraction of those of the fragments.

Just mentioning that ternary fission processes are considered to have a low
yield (< 2%) [28].

2.2.1 Mass distribution of the fission fragments

We have already mentioned that the nuclei produced by fission are called
fission fragments (FF) and that they are not uniquely determined — there is a
distribution of masses of the two fragments.
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Figure 2.6: Neutron mass yields for 23°U and 2**U vs. mass number.
The energies of neutrons inducing fission are indicated in MeV by labels
attached to the curves.

Although a large amount of experimental data on the mass distribution
has been available for a long time [29,30], no suitable theory yet exists that can
account for all the observations. It is well-known from experiments that the
mass distribution for a particular system changes with the excitation ener-
gy and that the mass distribution depends on the mass number A of the
fissioning system. A mass distribution is said to be symmetric whenever the
fragment yield peaks at Ap/2, that is, at half the mass number Ap of the
fissioning nucleus. For asymmetric fission the highest yields are attained for
two different but complementary fragment mass numbers, the sum being the
mass of the fissioning nucleus Ap. In other words, the yield Y(A) as a function
of the fragment mass A is a single-humped or double-humped curve in case of
symmetric or asymmetric fission, respectively. The mass yield curves obtained
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by means of an advanced statistical saddle-scission model [31] for the fission of
2357 and 23*U for incident neutron energies ranging from thermal energies to
50 MeV are shown in Figure2.6. The yield close to mass symmetry increases
by more than two orders of magnitude when increasing the energy. Similar
results are obtained for the isotope 23?Pu - thermally fissile- and the 2%U -
thermally nonfissile. The only target nucleus from the minor actinides that
exhibits a noteworthy peculiarity is the thorium [32].

When referring to asymmetric fission, th