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Preface

This manuscript summarises the main activities that |1 have carried out during the last ten
years of research at the Centre d’Etudes Nucléaires de Bordeaux-Gradignan (CENBG). It is,
to a great extent, a synthesis of nine articles. They can be consulted by the reader that would
like to have more detailed information. These articles are denoted as Article I, 11... all along
the manuscript. The manuscript is intended to be accessible to PhD students not familiar with
the topic.

Chapter 1 recalls some of the basic ideas of statistical mechanics and discusses the
applicability of the concepts to nuclei. Some of these concepts, in particular the concept of
statistical equilibrium, are essential for the topics covered by chapters 2 and 3. Chapter 2
summarises the studies performed by the CENBG collaboration on the surrogate-reaction
method in the last ten years. Chapter 3 summarises part of the work done on the modelling of
nuclear fission in collaboration with Karl-Heinz Schmidt, it considers the partition of
excitation energy and unpaired nucleons in fission on the basis of statistical mechanics.
Chapters 2 and 3 contain the bulk of my work, each of them has its own introduction and
conclusion sections. Chapter 4 presents the medium and long-term experimental perspectives
for the topics described in chapters 2 and 3.

Beatriz Jurado

Gradignan, 16 March 2015
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Chapter 1. Satistical mechanics and nuclei

Some concepts of statistical mechanics will bere¢adl along this manuscript. Therefore, in
this chapter we will briefly recall some of the madeas of this fundamental theory, which is,
together with quantum mechanics and relativity, ohéhe cornerstones of modern physics.
To prepare this chapter we have used the excdilsoit “Physique statistique” by B. Diu et

al. [Diu01], which we strongly recommend to anyamterested in the subject.

The aim of statistical mechanics is to explain ledaviour of macroscopic systems on the
basis of their microscopic characteristics. Quantaacthanics describes the properties and
the evolution of a physical system on a microscsgale. Therefore, statistical mechanics is
built on the basis of quantum mechanics. If the Hamian of the system is independent of
time, its eigenstates are stationary: if the system one eigenstate (or a linear combination
of eigenstates) it will remain indefinitely in thstiate and the system properties will not vary
with time. However, the Hamiltonian of a macroscomystem can only be defined
approximately and as a consequence its eigensaa¢enot stationary, the system evolves
continuously from one quantum state to the othemiruncontrolled manner. In that situation,
the macroscopic state (often named “macrostateliténature) is a statistical mixture of
guantum-mechanical stateg“microstates”) characterized by an ensemble ababilities
{Pi} of finding the system in that particular micragtaNuclei are not macroscopic systems in
a strict sense. However, in many cases (e.g. fdrsinell medium and heavy nuclei) nuclei
are sufficiently complex quantum systems for reiggila statistical description as the one we
have just described.

The fact that the system evolves continuously frone microstate to another leads to
fluctuations in time of the associated physicalrgii@s. Therefore, in statistical mechanics
one has to consider the time average of the pHygi@mntities. This procedure provides an
accurate description of the properties of the n&tate as long as the fluctuations remain
small compared to the average value. The importahflectuations depends strongly on the
size of the system. To illustrate this, let us adgisa container with a gas Afmolecules and

let us count the number of molecules in one halthef container. The number of molecules
measured as function of time will show fluctuaticem®und the mean valu&/2 and the

relative amplitude of the fluctuations can be qifat byv A/2/(A/2). Therefore, the

relative impact of fluctuations will decrease Asincreases. In nuclei, the microstates

associated to a macrostate can be very differegt,tiee intrinsic excitation energy may be

shared by a strongly different number of nucledmsddition, because of the limited number

of nucleons, the number of microstates is much lem#dian for a macroscopic system, and

the relative contribution of each microstate wi larger. For these reasons, fluctuations can
be significant when dealing with nuclei.

Determining the time averages of the propertieomm® unique system requires that the
microscopic fluctuations are faster than the mawmpE evolution. To avoid this constraint,
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one replaces time averages of one particular sybiemverages over a statistical ensemble
including a large number of identical systems. @msinguishes between different types of
statistical ensembles. The microcanonical ensensbleade of a large number of isolated
systems. Isolated systems cannot exchange enemjyparicles with the environment.
Therefore, the energy and the number of particd@sarn constant and serve, among other
conserved quantities, to define the macrostatthdmmicrocanonical ensemble all the systems
have the same energy and number of particles Ilgddithe same macrostate, whereas the
microstates associated to each system of the etsetifter one from the other. In the
canonical ensemble the systems are not isolateg, ahe in contact with a thermostat or a
heat bath that plays the role of an energy reserirothis case, the energy of the macrostate
can vary significantly with time. The macrostatelmaracterised by the temperature, which is
constant and equal to the temperature of the theaho

Before decay, nuclei are isolated systems and heeefore best described with the
microcanonical ensemble. However, in nuclear fisdar example one often considers the
evolution of collective nuclear degrees of freedcasauming that these degrees of freedom are
coupled to a heat bath formed by the rest of nucdtlmgrees of freedom (intrinsic and
collective). In that case, the collective nucleagme of freedom is best represented by the
canonical ensemble. In this manuscript, we will mhaconsider the evolution of nuclei and
not of particular nuclear degrees of freedom. Tioeee here we will only deal with the
microcanonical ensemble.

For an isolated system, the time evolution of th&bpbility P; of finding the system in the
microstatd is given by:
Sl
S =>lar0-aR0)] @
]

wherea;; anda;; represent the transition probabilities per unitimfe from the microstateto
the microstate and vice versa. The transition probabilitgsserify:

8 =g 2)
and
3, =0if E2E @3)

Egs. (1-3) say that the probability of finding thestem in the microstateat a given time is
equal to the population of that state by a tramsifrom any other microstajeof the same
energyE;, minus the depopulation due to a transition frbm tate to any other microstaje
that satisfies energy conservation.

At statistical equilibrium, the population probatds P; are independent of time, i.e.:



% - Z[qj R®)-a R®)]=0 “)

]

which means that in statistical equilibrium the plagion probability P; of a state is
independent of time because the population of tleeastatei is exactly compensated by its
depopulation, and not because the system is alimalyge same microstate. It can be shown
[Diu01] that for an isolated system with enefgyhere is only one solution to the system of
differential equations represented by eq. (4). Huokition corresponds to the macrostate in
which all the microstates that are accessible leapuel population probabilitie;. In other
words, for an isolated system in statistical equilim we have:

U . R
FB= N(E) _Q(E)dEIf 5=E )
=0 ifE#E

whereN is the number of available microstates @ the density of available microstates
per unit of energy. It can be shown [Diu01] that fe—~ o« the solution of eq. (1) is eq. (5),
independently of the initial ensemble of populatirobabilities £i(tp)}. This is a very
fundamental result, since it implies that any isadasystem left to its own evolves towards
the macrostate of statistical equilibrium and wéach it if we wait a sufficiently long time.
The relaxation time, i.e. the time the system ndedsach statistical equilibrium, depends on
the specific values of the transition probabilitsgs However, due to the complexity of the
system, it is usually not possible to determinectyathe coefficientsa;. Therefore, to
evaluate the relaxation time, one often uses aldietpphysical model or considers it as a
parameter that is empirically determined.

In statistical mechanics, the entropy is defined as
s(t) =-kY_RONRO) (6)

wherek is Boltzmann constant, that we will set equal talllalong this manuscript. It can be
shown that the entropy of the system is maximuallithe microstates are equiprobable and
Pi=1/N. In that case,

S.=INN=InQ (7)

where we have neglected the quantity E)(dTherefore, when an isolated system out of
equilibrium is left to its own, its evolution is @ampanied of a continuous increase of its
entropy. This spontaneous evolution stops whensyfs¢em reaches statistical equilibrium,
where all the accessible microstates are equablygirie and the entropy is maximum.

From the definition of the entropy given in eq.,(®)s easily understandable that the entropy
measures the lack of information we have of thaesys If for example we know that the
system is in a particular microstate then all the population probabiliti€ will be 0 except
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Pr=1 and from eq. (6) it follows that the entropyQsin this case we have the complete
information on the system, we know exactly in whrlcrostate the system is. On the other
hand, when all the population probabilities areatgtine lack of information on our system is
maximum, because we cannot say that one micrasaata higher probability to be populated
than any other. In addition, we expect intuitivéhat the larger the number of available
microstates, the larger will be the lack of infotiaa on the system, which is clearly reflected

by eq. (7).

We define the microcanonical temperattiras:

_(gs)”
T _(dEJ (8)

and the microcanonical chemical potenti@s:

ds
. cﬁd—Aj ©)

where A is the number of microscopic constituents of tistem. As for the entropy, the
temperature and the chemical potential are quastédssociated to the macrostate of a given
system. It makes for example no sense to talk athmutemperature of a microstate of the
system.

In Chapter 3, we will apply statistical mechaniosthe situation where two nuclei are in
thermal contact, which takes place during the disgprocess. We will show now how a
system made of two subsystems in thermal contacbealescribed in the frame of statistical
mechanics. If an isolated system consists of tvadaied systems at equilibrium with a
number of microstatedl; and N,, we can associate to each microstate of systemyl a
microstate of system 2. Therefore, the total nunobenicrostates of the whole syste\g; at
equilibrium is:

Niot = N1-N2 (10)

Using egs. (7) and (10) we have that the totalopytiof the global system at equilibriug;
is:

t=S+S (11)

Suppose we now set the two subsystems defined abdkermal contact, this means that the
two sub-systems can exchange energy. We supposéhéehglobal system is isolated. The
HamiltonianH,y of the global system is:

Hiot=H1+ Ha+ Hypo (12)

where the termHy, represents the interaction between the two systdimbie coupling
between the two systems is weak enough for the lt&gnio be negligible with respect to the
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individual Hamiltoniangd; andH,, the energieg;, E; of the individual systems will continue
to be well defined. For weak coupling, the eigetestafH;; are the eigenstates df andH
and the total energy of the systé&g is:

Et=E1+ B> (13)

Since the global system is isolated, the total gnéf is conserved but the individual
energies of the subsysters and E, can vary due to the thermal coupling. At statatic
equilibrium the total number of microstates of ghebal system at enerdsiy is:

Niot(Etot) =N1(E1) - N2(Etor -E1) (14)

For the coupling terniH;, to be negligible, the interaction forces betwelea microscopic
constituents of the two subsystems have to be oft glange. In that case, most of the
microscopic constituents of the individual subsyselo not “feel” the presence of the other
system. In nuclei, this is fulfilled by the nucldarce but not for the Coulomb force between
the protons of both subsystems. This issue wifubiner discussed in Chapter 3.






Chapter 2: The surrogate-reaction method

Neutron-induced reaction cross sections of short-lived nuclei are important in several domains
such as fundamental nuclear physics, nuclear astrophysics and applications in nuclear
technology. These cross sections are key input information for modelling stellar element
nucleosynthesis via the s and r-processes [Reil4-2]. They play also an essential role in the
design of advanced nuclear reactors for the transmutation of nuclear waste or reactors based
on innovative fuel cycles like the Th/U cycle. The most hazardous type of wastes currently
generated by nuclear power plants are the fission products and the so-called minor actinides.
Although they represent only about 0.2% of the total volume of the generated wastes, they
concentrate 95% of the radioactivity [Ceal4]. The produced minor actinides are mainly Np,
Am and Cm isotopes. The envisaged waste-management strategies combine waste
“incineration” and storage in deep and stable geological sites [Ceal4]. The term
“incineration” means here to transmute these heavy nuclei into less radioactive species by
making them fission in dedicated nuclear reactors. Simulating the incineration capability of a
reactor requires an accurate knowledge of the neutron-induced fission and capture cross
sections of these minor actinides. However, very often these cross sections are extremely
difficult (or even impossible) to measure due to the high radioactivity of the targets involved.

Most of the minor actinides decay by alpha emission, but some of them fission spontaneously
and therefore also emit neutrons (between 2 and 3 neutrons per fission event, see Chapter 3).
The production of minor-actinide targets implies manipulating important quantities of
radioactive material and the fabrication procedure is subject to significant radioprotection
constraints. For this reason, it is rather difficult to find nowadays a laboratory where good-
quality samples can be produced. Moreover, if the targets are not produced at the place where
the measurement is foreseen, a special and costly transport has to be organized, not to mention
the administrative work that has to be done in most countries for a laboratory to be authorized
to import the samples. The handling of the sample during the experiment is also extremely
complicated because one has to ensure that in case of damage the rests of the target sample
remain confined in a container that is completely isolated from the environment. In addition,
one has to deal with the background signal generated by the activity of the target in the
detector. Indeed, one has for example to disentangle the neutron-induced fission events of
interest from the pile-up of alpha particles and from the spontaneous-fission events
originating from the radioactivity of the target. Finally, the intense flux of alpha particles can
severely damage the detectors, in particular solid-state detectors.

The surrogate-reaction method is an indirect technique to determine cross sections for
reactions that proceed through a compound nucleus, i.e. a nucleus that is in a state of
statistical equilibrium. In this method, an alternative or surrogate reaction (e.g. a transfer or
inelastic scattering reaction) is used to produce the same compound nucleus as in the neutron-
induced reaction of interest. In some cases, the surrogate reaction involves a target-projectile
combination that is experimentally more accessible. This makes the method extremely
powerful since it gives access to neutron-induced cross sections of very short-lived nuclei that
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cannot otherwise be measured. The surrogate-reaction method was developed at the Los
Alamos National Laboratory by Cramer and Britt in the 70’s [Cra70]. After sinking into
oblivion in the 80’s and 90’s, it received renewed attention in the years 2000 when, almost
simultaneously, two groups at the CENBG and the Lawrence Livermore National Laboratory
in the USA, considered it for extracting cross sections of interest for reactor physics. The
CENBG group first used the surrogate method to extract the neutron-induced fission and
capture cross sections of 2**Pa [Pet04, Boy06]. This nucleus has a half life of only (T1,=27 d)
and is important for the development of the Th/U cycle.

In the following, we will consider the compound-nucleus concept, which follows from the
assumption of statistical equilibrium (discussed in Chapter 1), and is the basis of the
surrogate-reaction method. We will present the surrogate-reaction method and discuss its
validity. The experimental method used to extract the data via the surrogate method will be
presented, with emphasis on the most important experimental difficulties. We will conclude
this chapter by discussing our results and the short-term perspectives.

1. Compound-nuclear reactions

In the frame of an independent-particle model, the interaction of an incident particle with a
nucleus with a radius of about 5 fm and a potential well depth of several 10 MeV leads to
single-particle states that have a typical spacing of several hundred keV and widths of the
order of 10 keV or larger. In addition, the interaction takes place in a time of the order of the
time the impinging particle needs to traverse the target nucleus (less than 10™%) and the
particle has a significant probability of not being absorbed. However, this picture is in
complete disagreement with the results of the experiments carried out in the 1930’s especially
by Fermi and his group in Rome on thermal-neutron scattering by light and heavy nuclei.
These results revealed the existence of numerous narrow resonances with average spacing D
of few eV and a strong probability for the absorption of the neutrons with subsequent gamma
emission. The width 7”of the resonances of the order of an eV implied through the uncertainty
principle a life time of the excited states of about 10" s. To account qualitatively for the data,
Bohr proposed his compound-nucleus model in 1936 [Boh36].

1.1. The compound-nucleus hypothesis

Bohr proposed that, because of the strong interaction, the projectile is captured by the target
and shares its energy among all the nucleons in the compound system. It takes a long time
(long in comparison with the time it takes a nucleon with the Fermi velocity to traverse the
nucleus) for the compound nucleus to accidentally concentrate the available energy back onto
a single nucleon which can then be reemitted. Since 10™* or 10™ s are typical lifetimes for
electromagnetic transitions, gamma-ray emission may compete favourably with particle
emission. The compound nucleus lives long enough for complete statistical equilibrium to be
established and has no memory of its formation, so that the processes of formation and decay
are completely independent of each other. This is the Bohr independence hypothesis, which
makes it possible to calculate the cross sections of compound-nuclear reactions. Indeed, the
associated cross section can be factorized in the product of the cross section for the formation
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of the compound nucleus &' in an entrance channel o and the probability P, that the
compound nucleus decays via a decay channel y:

o, =0 P, (1)
More precisely, the independence hypothesis states that the decay of a compound nucleus is
determined entirely by its energy, angular momentum and parity. Therefore, the expression
used before, that the compound nucleus forgets the way it was formed, is an
oversimplification since it cannot forget the total energy of the system, which is conserved
during the relaxation process (see Chapter 1). The angular momentum conservation in
compound-nuclear reactions is demonstrated by the observed anisotropy of the angular
distribution of the emitted particles. If the compound nucleus would forget the total angular
momentum of the entrance channel, the angular distributions would be isotropic. This
important aspect of the total angular-momentum conservation is sometimes forgotten in
discussions regarding the validity of the compound-nucleus hypothesis.

Historically, the compound-nucleus hypothesis was explained by the high density of particles
in the nucleus that would make extremely likely that an incoming neutron would share its
energy completely before traversing the nucleus. This “blackness” of the nucleus was also in
accord with the strength and the short range of the nuclear force. This strongly absorbing
nuclear model is sometimes called the “black nucleus”. The properties of the compound
nucleus were then predicted in analogy with the properties of a liquid drop, in which the heat
energy is shared among all the molecules of the drop. The black-nucleus model gives an
average cross section for the formation of a compound nucleus that is inversely proportional
to the neutron velocity and therefore decreases monotonically with neutron energy.

During the period when neutron cross sections were first measured, the predictions of the
black nucleus or the liquid-drop model seemed to be adequately fulfilled. Around 1945,
several evidences indicated that the black-nucleus model was not completely correct. The
existence of magic numbers showed that particles in the nucleus could move in the mean field
generated by all the other particles, a behaviour not at all expected on the basis of a strongly
interacting liquid-drop model. Another phenomenon that demanded modification of the black-
nucleus model was the observation of forward-focussed, high-energy neutrons inelastic
scattered by heavy nuclei. This type of events was qualitatively well explained by direct
processes in which the incident particle is assumed to "kick™ off particles from the nuclear
surface without formation of a compound state. Definitive evidence for shell structure came
from neutron cross sections themselves. Measurements with fast neutrons showed that the
total cross sections did not always decrease monotonically with energy. The behaviour of the
cross sections is more a smooth long-wavelength dependence on energy, superimposed on a
monotonic decrease. A wavelike dependence in any physical phenomenon immediately
suggests an optical interference effect. In fact, the observed effects are extremely close to
those observed when light passes into a crystal sphere. Feshbach, Porter and Weisskopf
[Fes54] developed the optical model, where the nucleus is represented by a potential with a
real and an imaginary component. The imaginary component accounts for the absorption of
the incident particle. From the magnitude of the imaginary component found necessary to fit
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the experimental data it followed that a neutron may move a considerable distance in nuclear
matter before being absorbed. The nucleus is not a “black box” but is partly transparent.

The optical model gives a common basis for explaining direct and compound reactions. Direct
reactions are fast, peripheral reactions that involve only few interactions between the incident
and target nucleons and bring only few degrees of freedom into play. More complex situations
can occur in which the incident particle shares its energy with more and more nucleons,
eventually leading to the formation of a compound nucleus. In fact, there is a continuous
transition from direct reactions to compound-nuclear reactions. In between the two extremes
there are intermediate situations in which a nucleon is emitted before relaxation, this is the so
called pre-equilibrium decay. While the thermalisation hypothesis holds well for energies
close to the neutron separation energy, pre-equilibrium emission typically occurs at neutron
energies above at least 5-6 MeV [Esc12].

The compound-nucleus hypothesis has implications that can be in principle tested
experimentally. For this purpose, the same compound nucleus has to be formed via different
entrance channels and one should verify if the cross sections for the subsequent emission of
various types of particles are indeed identical. However, it is not possible to measure directly
the time of emission of particles from a nuclear reaction to select experimentally the reaction
mechanism. All what we can measure is the energy spectra of the particles of different types
as a function of emission angle. The unambiguous discrimination of the different processes
from the measured spectra is not obvious, since particles originating from compound, direct or
pre-equilibrium processes may populate the same energy and angular ranges.

Let us stress that the compound-nucleus states are not single-particle states, neither collective
nuclear states (like rotations or vibrations) where all the nucleons move in a coordinated
motion. Compound-nucleus states are extremely complex quasi-bound states, whose
description involves the ensemble of the nucleons. In fact, compound-nuclear states and
reactions are a relevant subject of study for the Random Matrix Theory, which is a generic
theory of quantum chaotic systems [Wei09, Mit10].

1.2. Statistical model of compound-nuclear reactions

It is useful to divide compound-nuclear reactions according to whether the states in the
compound nucleus are resolved. This depends partly on the target nucleus and the incident
energy, and partly on the energy resolution 4E of the incident beam.

At low energies where the width of the resonances 7" is much smaller than their average
spacing D (/<< D), the reaction may go through a single state in the compound nucleus to a
single state in the final nucleus. This domain corresponds to the resolved resonance region,
which was described at the beginning of this section and lead to the compound-nucleus
concept [Wei09]. The ‘phenomenological’” R-matrix method is usually used to parameterise
the cross sections in this region [Des10].

When the incident energy increases, the width 7~ of the resonances increases and the nuclear
states start to overlap. At some point we reach a situation in which 7~>> D. If the energy
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resolution 4E < [ the cross sections show very complicated fluctuations of the same
magnitude as the average cross section [Mit10] and Bohr hypothesis does not hold.

The situation of interest in the present work is when 77>> D and 4E >> [". That is, the energy
resolution of the incident beam is broad enough so that many levels of the compound nucleus
are excited. In that situation, the corresponding scattering wave functions are assumed to have
a random phase so that when phase averages are performed all interference terms will vanish
[Hau52]. From this assumption it follows that it is then possible to divide the inelastic
scattering process into two independent parts, one related to the formation of the compound
nucleus and one to its decay by particle emission: the validity of eq. (1) is restored. This is the
basis of the statistical model, also known in literature as the Hauser-Feshbach formalism. The
statistical model provides energy-averaged compound-nuclear cross sections in the region of
non-resolved resonances.

The statistical model is based on the assumption of statistical equilibrium described in
Chapter 1. Very often, one uses the term “channels” instead of “microstates”. As mentioned in
Chapter 1, the probability of decay to a particular channel is 1/N, where N is the total number
of open channels. If a centrifugal, Coulomb or other type of potential barrier is present, the
probability of the population of that channel is simply reduced by the transmission coefficient.
According to the Hauser-Feshbach formalism, the average cross section per unit energy in the
outgoing channel for reactions proceeding to an energy region in the final nucleus described
by a level density is given by:

dGaZ(E ) s Za) Z TaIsT;(JIspI © ’)Wa)((‘]) : "
dE Iz Isl's'l” z 2'"s" + Z J. 7''s" (EZ")pw(U )dEl"

2'n's" 2"s"”

Here E, is the kinetic energy of the projectile, and %, is the reduced wavelength associated to
the incident channel. The spin of the incident (outgoing) particle is i (i’), the target (residual
nucleus) spin is | (1), the spin for the entrance (exit) channel is S =7 +1 (5'=i"+1") and | (I")
is the orbital angular momentum in the incident (outgoing) channel. The channel spin
combines with the orbital angular momentum to give the compound-nucleus angular
momentum J. 7 is the parity of the compound nucleus. The statistical-weight factor o is

(2J+1)/[(2i+1)x(21+1)] and gives the probability that the different spins and orbital angular
momenta combine to give a particular J. The transmission coefficients for the entrance and

exit channels are written as T and T, respectively, and p, (U") denotes the density of

als 215"
levels of spin I’ and excitation energy U’ of the residual nucleus. All energetically possible
open or final channels y"have to be taken into account, thus the denominator includes
contributions from decays to discrete levels in the residual nuclei (given by the first sum in
the denominator) as well as contributions from decays to regions described by a level density
in the residual nuclei (given by the second sum in the denominator, which involves an energy
integral of transmission coefficients and level densities in the residual nuclei). The quantity
W, corresponds to the width fluctuation correction.
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Equation (2) is not yet the quantity of interest. Indeed, to get the total cross section we have to
integrate expression (2) over all energies Ey of the final-state channels, which for fission
corresponds to the energies of the transition states built on top of the fission barriers and for
neutron emission to the energies of the states of the residual nucleus formed after neutron
emission. For radiative capture, we usually need only the integral over the energy spectrum of
primary gamma rays emitted from the compound nucleus. The Hauser-Feshbach formalism
has been used in Article 1V to calculate fission, neutron-emission and gamma-decay
probabilities.

The width fluctuation correction W, takes into account the correlation between incident and
outgoing waves in the elastic channel because of quantum-mechanical interference. It was not
introduced by Hauser and Feshbach [Hau52] but by Vager [Vag71] about 20 years later. The
width fluctuation correction has the effect of enhancing the elastic scattering cross section
and, through the requirement of flux conservation, of decreasing the cross sections in the
other non-elastic channels. This depletion rarely exceeds 10-20%, even at relatively low
incident energies (below approximately 2 MeV). As the excitation energy of the compound
nucleus increases and many reaction channels become available, the effect of the width
fluctuations becomes quickly negligible for the nonelastic channels [Hod87]. If we neglect the
width fluctuation correction, for each total spin and parity J”, expression (2) factors into a
product of two terms, one of which contains the transmission coefficients for the entrance
channel. The other factor describes the probability of decay into the exit channel; i.e., it is the
sum over exit channel transmission coefficients divided by the denominator representing the
decay into all energetically available channels. Therefore, we find again the factorisation of
the reaction cross section into the product of the formation cross section and the decay
probability inherent to the compound-nucleus independence hypothesis.

Despite the fact that the theory of compound nuclear reactions was developed long ago, the
existing models ignore many detailed features of nuclear structure and the reaction is treated
in some average sense. As discussed in [Carl4], there are still many challenges to make the
existing theories valid in a more general case. Open questions are how to treat reactions that
are between the two limiting conditions 7"<< D and 7">> D, and how to improve and test the
models used to consider the correlations between the different reaction channels. In addition,
the existing pre-equilibrium models do not yet include all the necessary physics. Another
considerable challenge for the theory of compound nuclear reactions is how to treat surrogate
reactions where a direct-reaction process is used to initiate the formation of a compound
nucleus. The latter difficulty will be discussed below.

1.2.1. The Weisskopf-Ewing limit

Neglecting width fluctuations and integrating over all final-state energies, eg. (2) yields for a
neutron-induced reaction to:

o,,(E)) =0 (E))D> FM(E,J7)G, (E*,J7) (3)
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where "

(E,) is the total cross section for the formation of a compound nucleus after the
absorption of a neutron of incident energy E,, which is directly related to the transmission
coefficients for the entrance channel T .. F" is the probability to populate a compound state

o, (E,J7)
O_CN,tot(E )
probability or the branching ratio for the decay of the compound state into the exit channel y.
The compound-nucleus excitation energy E* and the neutron energy E, are related via:

J” after interaction with a neutron and corresponds to F™(E,,J") = . G, is the

L P “

where A-1 is the mass of the target nucleus and S, is the neutron separation energy of the
compound nucleus A. We define the probability that a compound nucleus with E* formed
after neutron absorption decays through channel y as:

P, (E) =2 F™(E*J")G,(E*J7) (5)

Then, eq. (3) becomes:
CN,tol
o,,(E,)=0,""(E,)R, ,(E*) (6)

CN tot

The total compound-nucleus formation cross section o, and the population probability

F“N can be calculated with optical potentials with an uncertainty of less than 10% [Esc12].

However, the theoretical predictions for the branching ratios G, are often quite uncertain
because the competition between all possible decay channels has to be modelled. This
requires accurate knowledge of spins and parities of excited nuclear states, y-branching ratios
for these states, nuclear level densities, and transmission coefficients for particles, photons,
and fission. This information is available to some extent for nuclei located close to the
stability valley where experimental data exist. Outside this domain, one has to rely on
systematics or on extrapolations, which typically leads to significantly increased uncertainties
in the calculated cross sections.

In the continuous level-density region, the functions p- and pp» which appear in the numerator
and the denominator of eq. (2) can be written as [Boh98]:

p(E*J) %*)Zexp[— ———(J@+D-K?]] (7)

.
TOy K=-J \SH 27 S

Here pin(E*) is the continuum intrinsic level density and the other terms account for the
increase of the level density caused by collective effects. The different contributions to the
level density will be further discussed in Chapter 3. In eq. (7), T is the temperature given by
the inverse of the logarithmic derivative of pin, K is the projection of J on the nucleus
symmetry axis and ok is the so-called spin cut-off, which is closely related to the nucleus

13



momenta of inertia 3, parallel and 3, perpendicular to the nuclear symmetry axis. For the

actinides at excitation energies close to Sy, ok takes values of about 6-7. When the excitation
energy E* is large compared to the rotational energy #°K%/2 3,and K is smaller than o, the

level densities are proportional to (2J+1)pin(E*), this situation is called the Weisskopf-Ewing
limit.

In the Weisskopf-Ewing limit the branching ratios G, (E*,J”) become independent of J7 i.e.
G, (E*J") =~ G/E™*). Then G,(E*) can be taken out of the summation sign in eq. (5) and,
since Y F™ (E,J7) =1, Py (E*) = G,(E*), eq. (6) becomes:

NE3

o, (E)=0,"(E,)G,(E*) (8)

It is important to stress that the Weisskopf-Ewing limit is only valid when the compound
nucleus decays to continuum states of the final nucleus. This limit is expected to break down
at low energies when the nucleus decays predominantly to well-defined, individual final
states. In addition, as shown in Figs. 7 and 8 of [Esc06], the Weisskopf-Ewing limit breaks
down even at high excitation energy if the spin considered is significantly larger than the spin
cut-off parameter.

2. The surrogate-reaction method

We have seen before that statistical-model calculations are subject to significant uncertainties
when used for predicting neutron-induced cross sections of short-lived nuclei where no
experimental information is available. The uncertainties concern mainly the branching ratios
G,. The objective of the surrogate-reaction method is to determine or constrain G, using an
alternative or surrogate reaction that leads to the same compound nucleus as the neutron-
induced reaction of interest. This method is schematically represented in Fig. 1. The left part
of Fig. 1 illustrates a neutron-induced reaction on target A-1, which leads to the nucleus A* at
an excitation energy E*. The nucleus A* can decay via different exit channels: fission,
gamma-decay, neutron emission, etc... On the right part of Fig. 1, the same compound
nucleus A* is produced by a surrogate reaction. In Fig. 1, the surrogate reaction is a transfer
reaction between a projectile y (a light nucleus) and a target X, leading to the heavy recoil
nucleus A* and an ejectile w. In most applications of the surrogate method, the surrogate

reaction is used to measure the decay probability P;*"(E*)and the desired neutron-induced
reaction cross section is obtained by applying the equation:

o,,(E,) =0, (E,)-P}"(E*) 9)

CN,tot
n

where o, (E,) is obtained from an optical model calculation.
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Neutron-induced reaction Surrogate reaction

@ O
N _ /7

Fissio =j. o Neutron emission
‘ § 2%_ Gamma
emission

Figure 1: Schematic representation of the surrogate-reaction method. The surrogate reaction
is here a transfer reaction X(y,w)A*. Three possible exit channels (fission, gamma emission
and neutron emission) are represented.

Neutron-induced Equivalent
Transfer channel . neutron energies Half-life
reaction
[MeV]
23Am(*He,d) **Cm 23cm(n,f) 0-3 23Cm(Ty,=29.1y)
#BAm(*He,t) **Cm 22Cm(n,f) 0-10 22Cm(T,=162.8 d)
“3Am(®He,a) 2*Am Am(n,f) 0-10 2IAM(T,=432.2'y)

Table 1: Transfer channels investigated in the reaction *He+***Am at 24MeV and the
corresponding neutron-induced fission reactions. This reaction was studied in Articles I and
V.

The greatest benefit of the surrogate method is that in some cases one can find a surrogate
reaction where the target X is stable or less radioactive than the target A-1. But this is not the
only advantage. In the surrogate reaction there are two bodies in the outgoing reaction channel
and the excitation energy of the heavy nucleus E* follows a broad probability distribution
extending from O to several tens of MeV. In addition, several transfer channels are
simultaneously populated. Therefore, one can determine decay probabilities over a wide range
of E* for various nuclei from a single projectile-target combination and a single beam energy.
As an example, we have employed few-nucleon transfer reactions using a *He projectile at 24
MeV on a **Am target as surrogate reactions to infer neutron-induced fission cross sections
on various Cm and Am isotopes. This work is described in Articles I and V. Table 1 lists the
transfer channels considered in the reaction *He + ?**Am, and the corresponding neutron-
induced reactions. The populated neutron-equivalent energies and the half-lives of the targets
associated to the neutron-induced reactions are shown in the two last columns. Note that these
half-lives are much shorter than the half-live of 7370 y of the **Am target used in the
surrogate experiment.

2.1. Validity of the surrogate-reaction method

The first condition for the surrogate method to be valid is that the decaying nucleus has to be
a compound nucleus in both, the desired neutron-induced and surrogate reactions. Only under
this condition it is possible to factorise the cross section into the product of a compound-
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nucleus formation cross section and a decay probability. From the theoretical side, one has to
ensure that the direct and pre-equilibrium contributions are correctly calculated and subtracted
from the total neutron-induced reaction cross section. For neutron-induced reactions, the
optical model can be used to calculate the direct and compound nucleus contributions rather
accurately, but the situation is more complicated concerning pre-equilibrium emission where
the appropriate theoretical tools are still under development [Car14]. From the experimental
side, one should in principle ensure that only compound-nuclear events have been selected.
As it will be shown below, with present experimental techniques one detects the ejectiles and
uses mass and charge conservation to identify the corresponding decaying nucleus A*. It is
expected that direct and pre-equilibrium reactions lead to ejectiles with higher energies and
smaller emission angles than ejectiles originating from compound reactions. However, in
practice it is not possible to unambiguously separate the different mechanisms because the
ejectile distributions populated by the compound nucleus mechanism are rather large and
overlap with the distributions associated to direct and pre-equilibrium reactions.

The decay probability P;“""(E*) is given by:

surro

Plsurro (E*) — Z FCN (E*,J ﬁ)GZ (E*, J ﬂ) (10)

Note that the branching ratios G, (E*, J7) are the same as in eq. (5), reflecting that the decay

of the compound nucleus is independent of the way it was formed. By comparing egs. (5) and
(10), it follows that the surrogate method as given by eq. (9) is strictly applicable only in two
cases:

-If the Weisskopf-Ewing limit is valid, and therefore G, (E*,J")=G, (E*)and P;””"(E*):
GAE*)=F,,(E®)

or

-If the J7 distributions populated in both reactions are equal F" (E*,J7) = FSN (E*,J7)

surro

There is no reason to expect that the spin-parity distributions F populated in the neutron-
induced and surrogate reactions are the same, and the Weisskopf-Ewing limit is only valid at
high excitation energies. In fact, at low excitation energy the branching ratios G, may strongly
depend on J and z. Therefore, the spin-parity mismatch between the neutron-induced and
surrogate reactions can lead to significant differences between the cross sections obtained
with the two methods.

While it is possible to calculate the angular-momentum and parity distributions populated in
neutron-induced reactions using optical potentials, this is by far not the case when the
compound nucleus is formed via a transfer reaction (see [Esc12]). Transfer reactions populate
single-particle states, such as single neutron states in the (d,p) reactions, single proton states in
the (*He,d) reaction and single neutron-hole states in the (*He,*He) reactions. This quite
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simple picture is valid at low excitation energies, and has been extensively used in the past in
nuclear-structure studies. However, in the excitation-energy region of interest in this work (E*
> S,), these single-particle states are strongly mixed with the highly dense and complex
compound-nuclear states, whose decay is described by the statistical model. In other words,
the strength of the particular single-particle states populated by the direct reaction “spreads
out” over a large number of compound levels [Lew75]. One can imagine the surrogate
reactions as a two-step process where the single particle state initially populated by the
transfer reaction readily mixes with the continuum of compound levels that have the same
quantum numbers (J%), leading eventually to the formation of a compound nucleus. The main
difficulty is to theoretically estimate how the initial single-particle states are fragmented into
the complex many-body states in the continuum and usually different approximations are used
[And70, ThoO6], see also Article IV.

Since for most surrogate reactions it is not yet possible to predict the populated spin/parity
distribution, the validity of the surrogate method has to be verified a posteriori, by comparing
the obtained results with well known neutron-induced data. To achieve reliable conclusions
out of this comparison it is very important to identify and, if possible, correct for any

systematic error in the measurement of Pj””"(E*) .

3. Surrogate-reaction studies performed by the CENBG collaboration

The CENBG, in collaboration with other laboratories in France and abroad, performs
experiments to investigate the surrogate-reaction method since approximately the year 2000.
The surrogate reactions studied and the associated references are listed in Table 2. As it can
be seen, we have measured fission and gamma-decay probabilities. Therefore, in the
following sections we will consider only aspects related to the experimental determination of
the probabilities of these two decay modes.

4. Measurement of the decay probability

In our surrogate experiments, the decay probability is obtained with the following expression:

N c.oin E*
psurro (E*) _ — ejec—y ( )
X N sing eS(E*)SZ(E*)

ejec

(11)

Here NS"" js the so-called “singles spectrum”, i.e. the total number of detected ejectiles w,

ejec
N;‘;‘C”_Z is the “coincidence spectrum” corresponding to the number of ejectiles detected in
coincidence with the observable that identifies the decay mode, e.g. a fission fragment or a
gamma ray, and ¢, is the associated efficiency. In the absence of parasitic transfer reactions

with the same ejectile, the quantity N;‘;‘C”_Z(E*)/gl gives the fraction of compound nuclei A*

that have decayed via the channel y (by e.g. fission or gamma emission) with respect to the
number of formed compound nuclei N3 (E*).

ejec

17



Surrogate reactions Measured quantity References
e s
232T|’?1((3|I_—||21,?))232§: Fission probability [Pet04]
*2Th(®He,"He)**'Th
23211 (3 234 Gamma-decay
Th(°*He,p)~*"Pa orobability [Boy06]
243Am(3He,d)244Cm PhD Lh_esis of G.
2BAm(*He,t)***Cm Fission probability Kessedjian (2008)
22Am(*He,*He)***Am (Article I)
(Article 1V)
PhD Thesis of G.
Y%Yb(*He,p) "°Lu Gamma-decay Boutoux (2011)
b(®He, He) 1*Yb probability (Article 11)
(Article I11)
28U(d,p)*°U PhD thesis of Q.
28 (He,d)*°Np Fission and gamma- Ducasse (2015)
28 (*He,H)**Np decay probabilities [Duci5]
238U(3He,4He)237U

Table 2 : Surrogate reactions studied by the CENBG collaboration and related references.

For determining the gamma-decay probability we need to determine the number of compound
nuclei that decay through a gamma cascade N <" Therefore, what we actually need to

ejec—gamma *
measure is the number of detected cascades and not the number of detected gammas. In our
experiments, the solid angle of the gamma-detector array is relatively small so that, in most
cases, we detect only one gamma ray of the cascade. For the few cases where more than one
gamma detector is hit in one event, we randomly select one detector signal amplitude in the
offline data analysis. In that way we ensure that each detected gamma ray corresponds to a
gamma cascade.
100
!80

Energy loss (MeV)
s o =

@

0 5 10 15 20 25 30
Residual energy (MeV)

Figure 2: Energy loss versus residual energy in one of the Si telescopes for the *He + 2**Am
reaction at 24 MeV. The ejectiles associated to the different Z lines are indicated.
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Eq. (11) defines the experimental set-up needed. Typically, a AE/E particle telescope is used
to identify the ejectiles and determine their kinetic energies and angles. An identification plot
is presented in Fig. 2. The telescope is surrounded by different detectors for the decay
particles. The time elapsed between the detection of an ejectile and the detection of a decay
particle is recorded in order to identify the coincident events. Schematic figures of our
experimental setups can be seen in Article | (or Article IV) and in Article Il. As an example,
Fig. 3 shows the setup we used at the Oslo cyclotron in June 2012. The ejectiles were detected
at backward angles (126 to 140 degrees) with the SiRi multi-strip silicon telescope [Gut11-2].
The fission detector was located at forward angles and consisted of 4 PPACs covering a solid
angle of 41% out of 4n [Torl4]. The reaction chamber housing SiRi, the PPACs and the
target was surrounded by the CACTUS array with 28 high-efficiency Nal detectors. CACTUS
was used to detect gamma rays with energies ranging from a few keV to about 10 MeV in
coincidence with the ejectiles. With this equipment we could measure fission and gamma-
decay probabilities of different compound nuclei formed by transfer reactions between
deuteron and ®He projectiles, and a %**U target.

28 Scintillators
Nal — i‘?‘y-ravdetection
<‘\‘ ;
AE \

Beam 23'E’U F|ss fragments

Ejectlles

Y

Figure 3: Schematic view of the set-up used at the Oslo cyclotron for decay-probability
measurements.

4 PPACs
Fission-fragment
detection

4.1. Determination of the excitation energy of the compound nucleus

In a recent work [Rod14], where fission was induced via multinucleon transfer between *2C
and **U, a non negligible probability of exciting the carbon-like ejectiles was observed, that
questioned the commonly used assumption that the excitation energy available in the transfer
reaction is found only in the heavy reaction partner. As shown in Table 2, all the reactions
studied by the CENBG collaboration involve protons, deuterons, tritons or o particles as
ejectiles. Protons, deuterons and tritons have no bound excited states. The first excited state of
*He is located at 20.2 MeV but in our experiments the maximum total available excitation
energy considered is essentially below 20 MeV. Therefore, all the detected ejectiles are in
their ground state and all the excitation energy available in the reaction can safely be
attributed to the fissioning nucleus A. The excitation energy E* can then be unambiguously
determined from the measured kinetic energy E, and emission angle @ of the ejectile, by
applying energy and momentum conservation laws:
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M,Q-E,(M,-M,)-E,(M,+M,)+2/M M E E, cosd
MA

E* =

(12)

where the different M; represent the masses of the nuclei involved in the reaction, Q is the Q-
value of the transfer reaction and E, is the beam energy.

In our measurements, E* is determined with an uncertainty of typically 100 keV, which is due
to the uncertainties on the different quantities involved in eq. (12). This uncertainty is well
adapted for the measurement of decay probabilities with a significant E* dependence, which
is the case at the fission threshold for the fission probability, and close to S, for the gamma-
decay probability. Our measurements not only require that E* is measured with good
precision but also that it is determined with high accuracy. If E* is incorrectly determined, it
can lead for example to an energy shift of the fission threshold and to serious
misinterpretations when the data are compared with neutron-induced data. Obviously, any
lack of accuracy in the quantities involved in eq. (12) will be propagated to E*. In particular,
the beam energy needs to be well defined. This was an issue in our experiment at the Oslo
cyclotron. We think there was a shift as large as 1 MeV in the *He beam energy delivered by
the Oslo cyclotron, possibly due to a wrong setting of the cyclotron frequency. Using the
expected beam-energy value of 24 MeV in the determination of the excitation energy, the
fission thresholds were shifted by several MeV with respect to the fission thresholds measured
with neutron beams. In addition, our fission threshold for the ®U(®He,t) reaction was
significantly shifted with respect to the fission threshold measured by Gavron et al. [Gav76]
using the same reaction with very similar experimental conditions: 25 MeV beam energy and
telescope centred at 120 degrees. After testing many different hypotheses, we came to the
conclusion that the actual beam energy was 23 MeV [Ducl5]. Unfortunately, it has not been
possible to find out what was the actual cyclotron frequency during the experiment and there
is no way to confirm that the actual beam energy was 23 MeV. Problems with the beam-
energy definition have also been encountered at the Texas Cyclotron [Meol3], where
surrogate-reaction studies are conducted by the Livermore group.

The measurement of the ejectile kinetic-energy is also crucial for the determination of E* and
efforts should be made to determine it as accurately as possible. The kinetic energies relevant
in our surrogate experiments range from few to several tens of MeV. Thus, the kinetic
energies can be much higher than the kinetic energies of the alpha particles originating from a
standard calibration source. Besides, it is well known that the response of Si detectors to
hydrogen isotopes differs from the response to alphas of the same kinetic energy [KnoOQ].
Therefore, it is not appropriate to calibrate the particle detectors only with a standard alpha
source. In our experiments the telescopes are calibrated with known energy lines from chosen
reactions on a lead target. More precisely, we typically use a *®Pb target and a *He beam to
populate the first excited states of *>Bi and *’Pb via the transfer reactions *®Pb(*He,d) and
2%8pp(*He,*He), respectively. Since the E* of the first excited states of these nuclei are known
with high accuracy, we can in this way have a source of different ejectiles with very well
defined Kinetic energies in the range of interest for the surrogate measurement. The
calibration procedure is described in Article V.
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4.2. Determination of coincidence events

Due to the high kinetic energies of the fission fragments (about 1 A MeV), their unambiguous
detection is rather straightforward and there is generally no major problem in the
determination of N" see Article IV. The situation can be more complicated for

ejec— fission ?

determining N7 when one uses scintillator detectors. Neutrons emitted by the

ejec—gamma
compound nucleus A* can interact with the scintillator material and lead to signals that have
to be distinguished from the signals induced by gamma rays. When one uses C¢Ds detectors,
as was done in Article Il, neutrons can be disentangled from gamma rays via pulse-shape
discrimination. For Nal detectors, the neutron/gamma discrimination can be done by using the
time-of-flight differences between neutrons and gammas. This method was used in the
analysis of the data taken at the Oslo cyclotron [Ducl5].

Scintillators have a relatively low energy resolution and one loses the information on the
gamma energy E,. Therefore, it is not possible to tell whether the gamma ray comes from
compound nucleus A* or from the residual nucleus A-1 produced after neutron emission.
However, the gamma rays emitted by nucleus A-1 have a maximum energy E, = E*- S, and

can be removed from the N spectrum by applying the gamma-energy threshold

ejec—y
E, > E*-S, in the two dimensional spectrum that represents the excitation energy versus the
energy of the gamma rays measured in coincidence with the telescope. This is shown in Fig. 4
for the Yb(®He,p) reaction studied in Article 1l. As discussed in Article II, in that

experiment we used two types of gamma detectors for determining P2 (E*), C¢Dg liquid

gamma
scintillators and high-purity Ge detectors. With the Ge detectors it is possible to select only
the gamma rays coming from nucleus A, however this strongly limits the statistics. We found
that the gamma-decay probabilities obtained with the two types of detector were in good
agreement, demonstrating that neutrons and gamma rays originating from nucleus A-1 were
properly removed when using CsDg detectors.

%:1.,:[ e . 4%”‘
= 9 R .
iu E?— : E*-5n : |
Srgf;_-- 10
504
4t
sf8 -1
m:.
% 12 3 4 5 6 7 8 9 10

E_C6D6 (MeV)
Figure 5: Excitation energy of the compound nucleus as a function of the detected gamma-
ray energy for the **Yb(®He,p)*"®Lu reaction studied in Article 11. The horizontal dotted line
represents the neutron separation energy of *"°Lu*, the upper 45° diagonal on the left corner
corresponds to the events that satisfy E,=E*-S, and the lower diagonal to E,=E*.
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A more complicated situation arises if the compound nucleus undergoes fission. In this case,
it is also necessary to remove the prompt gamma rays emitted by the fission fragments (see
Chapter 3). This can be done by measuring the fission-fragment gamma rays in coincidence
with the fission detector:

) N fiss
N coin — N tot gamma (13)

ejec—gamma gamma
fission

Here, N

gamma

is the total number of gamma cascades detected in coincidence with the ejectiles

and N ™ s the total number of gamma cascades detected in coincidence with the ejectiles

gamma

and with the fission detector. The uncertainty in N&" is directly related to the fission

ejec—gamma
efficiency sission @and its uncertainty. It can be shown [Ducl5] that the relative uncertainty
on N&" without considering the correlation between the different quantities, is:

ejec—gamma !

Var(N2" ) Var(N9 ) Var(N™ ) , Var (& ion)
= + +0

ejec—gamma gamma gamma (1 4)
. - . R 2
coin coin coin
(N ejec—gamma )Z (N ejec—gamma )Z (‘9 fission N ejec—gamma ) (5 fission )2
where Var is the variance, and
5 ~ I:)fission M fyission (15)
PomaM/,

gamma' ! gamma

where M7 . and M’ are the gamma-ray multiplicities for fission and gamma-decay,

fission gamma

respectively. The gamma multiplicity of a fission event is about two times larger than for a
gamma-decay event. We thus see from eq. (14) that the relative uncertainty increases when
&ission decreases and that the uncertainty in &ission, included in the third term of eq. (14),
becomes preponderant when fission is the dominating decay mode and ¢'is large.

4.3. Fission detection efficiency

As described in Article 1V, the efficiency for detecting a fission event &ission IS determined by
the solid angle of the fission detector and by the angular anisotropy of the fission fragments.
The latter depends on the angular-momentum distribution of the fissioning nucleus and on its
recoil energy, which leads to a kinematical focusing of the fission fragments in the direction
of the fissioning nucleus. The detector solid angle can be determined experimentally with a
252Cf source of known activity and the fission-fragment angular anisotropy by using a
position-sensitive fission detector. The influence of the fission-fragment angular anisotropy
on the final fission efficiency decreases considerably with increasing solid angle. In the
measurement described in Articles I and IV, the fission efficiency was (45.2 + 1.5)%.
Unfortunately, the PPACS used in the Oslo experiment were not position sensitive and we
could not measure the fission-fragment angular anisotropy. For the deuteron-induced reaction
28(d,p) we could find experimental information on the angular anisotropy in [Cra70].
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However, we do not have this information for the *He-induced reactions, which leads to a
significant relative uncertainty in &ission Of more than 10%.

4.4. Efficiency for detecting a gamma cascade

For measurements of the gamma-decay probability, rather than the efficiency for detecting a
gamma ray of particular E,, one needs to determine the efficiency for detecting a decay that
proceeds through the emission of a gamma cascade. In other words, one needs to determine
the gamma-cascade detection efficiency.

= spin=+/-0,5 4 48~ | = spin=+-05 Fo—
12+ spin=+-15 P 46— | + spin=+-15 o
L 7 E . ¥
é‘-} s » spin=+/-25 _,-"_"-" L. 44 + spin=+/-25 - 4
e 11 spin=+-3,5 | A £ 4t spin=+/- 3,5 A
L:I‘J: A = .
g 1 A g ¢ A
E E 38—
& 09 g 36 7
5 - E 34 :
o o .
5 08 0] 32
é - ) -
07— 3 3= .
. 28—
06 1 1 I 1 I 1ol 1 | I 1 1l 1 1 ] e SIS S TN IR S S NV 1 R AT AN SN SN S S A . S
2 25 3 35 4 45 5 55 6 2 25 3 35 4 45 5 55 6
E*(239U) (MeV) E*(239U) (MeV)

Figure 6: Average gamma-ray energy and multiplicity as a function of excitation energy
calculated for the gamma decay of 2°U with the EVITA code [Mor13]. The legends indicate
the spin and parity of the initial state of 2°U. The vertical dashed line represents the neutron
separation energy S, of 2*°U.

The efficiency for detecting a gamma cascade depends on the gamma multiplicity of the
cascade and on the energies of the gammas of the cascade. The multiplicity and the energies
of the gammas of a cascade depend on E*. Moreover, in the quasi-continuum and the
continuum regions, the cascade paths can be very different from one event to the other, even if
E* is the same for all the events. Therefore, it is rather difficult to determine the gamma-
cascade detection efficiency at E*>S,,. Note that this is not a specific problem of surrogate-
reaction experiments, but it is also found in neutron-induced radiative-capture measurements.
In these experiments the Pulse-Height Weighting-function Technique (PHWT) is used to
determine the gamma-cascade detection efficiency. The principle of this technique is
described in Article I11 and references therein. As discussed in Article 111, the PHWT is quite
complicated as it requires to determine the response functions of the detector array for many
incident gamma-ray energies E, ranging from few hundred keV to about S, + 1 MeV in steps
of few hundred keV. In Article I1l, we presented an alternative method for determining the
gamma-cascade detection efficiency in surrogate-reaction experiments, called the
EXtrapolated-Efficiency Method, EXEM, which is much simpler than the PHWT.

In a surrogate reaction it is possible to populate excitation energies below the neutron
separation energy. For neutron-rich nuclei that do not fission below S,, the only possible
mode of desexcitation is gamma decay and we have:
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N coin (E*)

Psurro (E*) -1= . ejec—gamma fOf E* < Sn (16)
gamma singles
Nejet? (E*)ggamma(E*)
From eq. (16) it follows:
N ecjzicn—gamma (E*)
8gamma(E*) = T sngles reen forE* < Sn (17)
Nejec (E )

Therefore, for excitation energies below S,, the gamma-cascade detection efficiency
ggamma(E*) can be directly obtained from the ratio between N (E*) and NZM9(E*),

ejec—gamma ejec
For medium mass and actinide nuclei in the region of continuum level densities there is no
reason to expect a drastic change in the characteristics of the gamma cascades, and thus of
&gamma(E*), at Sp. This is indeed demonstrated by the calculation shown in Fig. 6, where the
average gamma-ray energy and multiplicity obtained with the Monte-Carlo statistical code
EVITA [Mor13] for the gamma decay of 2*°U are represented. The calculation shows that for
both quantities there is nearly no change in the slope at S,. In Fig. 7, we show the measured
ratio N&" /NS as 3 function of E* for the 22U(d,p) reaction. We can see that the

ejec—gamma ejec
efficiency increases with E* below S,. This is explained by the calculations of Fig. 6, which
show that the average gamma-ray energy and multiplicity increase with E*. The ratio

N e gamma / Nejee'™ drops at Sy because neutron emission becomes possible leading to a drastic
decrease of N ... Itis thus well justified to extrapolate the functional form of ggamma With

E* measured below S, to E* above S,. This is the essential idea behind the EXEM. Fig. 6
shows that the multiplicity starts to saturate at about 5.5 MeV, which probably defines the
limit of the maximum excitation energy to which the efficiency can be extrapolated. As
shown in Article I11, the validity of the EXEM was demonstrated by comparing its results
with the ones obtained using the PWFT. The efficiency derived from the EXEM for the
2%8(d,p) reaction will be also compared to the efficiency obtained with the PHWT in
[Ducl5].
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Figure 7: Measured ratio N " / NShd'es a5 function of the excitation energy of ?*°U for

ejec—gamma ejec

the 22U(d,p). The vertical dashed line represents the neutron separation energy S, of °U.
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Both techniques, the EXEM and the PHWT, have drawbacks. The main limitation of the
EXEM is that it is not clear up to which E* it is possible to extrapolate the behaviour
observed below S,. For instance, we have observed that the efficiency of a Nal increases with
the energy of the incident gamma ray up to about E, =1.3 MeV and decreases slightly above
this energy. When the average gamma energy of the cascade reaches this value, it can lead to
a change in the efficiency that invalidates the extrapolation. On the other hand, aside from the
arduousness of the PHWT, a significant issue of this technique is that it requires the
knowledge of the detected gamma spectrum below the electronic threshold down to E, =0
MeV. Both issues can be studied by simulating the cascade-detection efficiency of the
detection array, but this requires the use of models to generate the gamma cascades.

4.5. Contaminants in singles and coincidence spectra

We see from eq. (11) that the determination of the decay probability is based on the detection
of the ejectiles and not of the recoil nuclei A*. If there are other reactions that lead to the same
ejectiles, they will affect the ejectile spectra. There are different sources of background:
reactions on the target backing and on target contaminants, breakup of the beam and/or the
ejectiles and charged particles originating from fusion-evaporation reactions. In fission
experiments, it is possible to solve the contaminant issue by using the surrogate ratio method
[P1e05]. This method is discussed in section 5.

Spurious events due to reactions on the target backing can be in principle eliminated by
subtracting from the total singles spectrum the singles spectrum measured separately with the
carbon backing only. One of the major problems we have encountered in our measurements is
the presence of contaminants in the target. Transfer reactions between the beam and the

contaminant nuclei can then lead to a background in the N:j‘;‘cg'es(E*) spectrum that cannot be
subtracted. Therefore, the chemical purity of the targets is extremely important in surrogate
reaction experiments [Jurl0]. While it is possible to produce targets of very high isotopic
purity, it is almost impossible to completely avoid the presence of light contaminants in the
target, in particular oxygen. Light target contaminants do not affect the fission-coincidence
spectrum but they can pollute the gamma-coincidence spectrum if one uses scintillator

detectors. The presence of light target contaminants leads to broad peaks in the N:'%* (E*)

ejec

spectrum, as shown in Fig. 8, which was taken from Article IV.

One way to cope with the problem of light-target contaminants is to place the particle
telescopes at backward angles. In that way, due to reaction kinematics, the contaminant peaks

are located at the highest compound-nucleus excitation energies leaving a broad range of
excitation energy free from background, see Fig. 8. To determine ij‘:cg'esin an excitation-
energy region where contaminant peaks are present we interpolate the singles spectrum below
the contaminant peak, see Fig. 8. This introduces a significant uncertainty, as discussed in

Article V.
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Figure 8: Number of detected “He (green triangles) ejectiles as a function of the excitation

energy of **Am after subtraction of events coming from reactions on the target backing. The

*He ejectiles stemming from reactions on target contaminants are present above 12 MeV. The

blue circles represent the singles spectrum after interpolation and the red squares the fission

coincidence spectrum for 2>Am. The data correspond to the 2>Am(*He,*He) reaction studied

in Articles | and V.

Deuterons, tritons and *He break up at excitation energies of 2.2, 6.2 and 5.5 MeV,
respectively. In principle, the protons and the deuterons that result from the breakup may also
pollute the corresponding singles spectra. However, in the work by Gavron et al. [Gav76] the
fission probabilities of various nuclei formed by both (*He,d) and (*He,t) reactions were
compared and found to be approximately equal, thus demonstrating that contamination due to
*He or triton breakup can be disregarded. For these measurements, Gavron et al. used a beam
energy of 25 MeV and a particle telescope placed at 120 degrees. Therefore, to avoid a
possible background created by *He or triton breakup we have used in our measurements
experimental conditions similar to Gavron et al. The breakup of the deuterons produced in the
(*He,d) reaction may pollute the singles spectrum of the (®He,p) reaction. However, the
23pa(n,f) cross section obtained using the #*?Th(*He,p) reaction in [Pet04] is in good
agreement with the corresponding neutron-induced data, indicating that this transfer channel
was not polluted by the deuteron breakup from the %**Th(*He,d) channel. The reason may be
that the probability that the ejectiles acquire sufficient excitation energy to breakup is very
low because of the huge difference between the level densities of the ejectile and compound
nuclei, which tends to drive the excitation energy to the heavy compound nucleus. Finally, we
stress that, while the breakup of the *He projectile is not an issue under our experimental
conditions, this is certainly not the case for deuteron-induced reactions, as will be discussed
below.

Other nuclear reactions like fusion evaporation are in principle also possible. Evaporated
particles do not have specific energies but populate a broad energy distribution and may
therefore contaminate a wide range of E* in the singles spectrum. When the beam fuses with
the heavy actinide target nucleus a heavy neutron-rich excited nucleus is formed, for which
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the probability of evaporating light charged particles is rather low. In fact, the most probable
reaction after the fusion of the beam with the target is fission, preceded by the emission of
several neutrons. Fusion of the beam with light target contaminants is more problematic,
because the resulting nuclei are neutron deficient and can evaporate charged particles. This
problem will be further discussed in section 7.

5. Comments on the surrogate ratio method

The surrogate ratio method was developed by Plettner et al. [Ple05] and it has been widely
used since then, mainly by the Livermore collaboration, see [Esc12] and refs. therein. This
method is also based on the Weisskopf Ewing limit (eg. 9) and considers the ratio R of two
neutron-induced cross sections leading to two different nuclei A and B:

O_A O_nCN,A(E*) P;UI’I‘O,A(E*)

R(E*) =—3 ~ C surro (18)
O'nB’Z O'nN’B(E*)Pl B(E*)
Combining eg. (11) and eq. (18) we get:
(%) = 0o EINGE (EINGE Bz (E4 (19)
oy P (EFING (EXNG A (EX)e (E¥)

If target nuclei A-1 and B-1 are close enough so that oc™*(E*)~o™"®(E*) and
g;‘(E*) zgf(E*), and if the two surrogate reactions involve the same projectile and ejectile

and the associated transfer-reaction cross sections are similar, then we can write:

Neje» (E*)
R(E*) =F NCJO+(E*) (20)

ejec—y

where F is a constant that can be determined from the beam current, the target thickness and
the experiment live time. If one measures R(E*) and if aﬁZ(E*) is known, the cross section

of interest can be derived:
arﬁl E*) :aﬁl(E*)R(E*) (21)

From the previous lines it follows that the application of the surrogate ratio method involves
the use of two surrogate reactions to form compound nuclei A and B with two targets and the
same experimental setup. The advantage with respect to the “standard” surrogate approach
studied in this work is that one only needs to measure the coincidence spectra for the two
targets, thus solving the contaminant issue described in the previous section. In addition, it
was shown in [Esc06] that the surrogate ratio approach is expected to be less sensitive to the
spin-parity mismatch and to pre-equilibrium effects than the “standard” surrogate method. In
fact, when the two nuclei A and B are close enough, effects due to the spin-parity mismatch or
to pre-equilibrium are similar and cancel in the ratio. In reality, the comparison between
neutron-induced data and results obtained with the surrogate-ratio method has shown that the
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ratio method somewhat reduces, but does not eliminate the effect of the spin-parity mismatch
at excitation-energies where the Weisskopf-Ewing limit does not apply, see [Esc12].

The surrogate ratio method has also some disadvantages. It requires two targets of
neighbouring nuclei. This implies severe limitations when one is interested in a region
dominated by radioactive nuclei, such as minor actinide isotopes, where target fabrication and
handling is rather difficult. In addition, if one uses low gamma-energy resolution detectors,
the surrogate-ratio method does not solve the problem of the background generated by light
target contaminants because these nuclei emit gamma rays that pollute also the coincidence
spectra. Moreover, this method introduces additional sources of uncertainty that contribute to
the final uncertainty of the desired cross section. These sources are the quantities needed to

determine the factor F and the uncertainty of the reference cross section a,ff ,(E*). Finally,

significant deviations from neutron-induced data have been observed when there is an
important mismatch between the S, of nuclei A and B and the Q values of the surrogate
reactions. An example will be shown in section 7.

According to us, the conditions under which the surrogate-ratio method can be used with
confidence are still unclear. Although it is certainly desirable to continue to investigate this
approach, we believe that it is important to pursue in parallel investigations on the standard
surrogate method. In the surrogate ratio method, different effects might cancel or add up in a
complicated manner and the interpretation of the results can be rather difficult.

6. Uncertainty analysis

The accurate determination of the uncertainties requires very detailed information on the
experimental procedure, which is best known by the experimentalists who performed the
measurements. In Article IV, we have shown that the variance of the measured probabilities
can be strongly affected by the correlation between some of the quantities involved in the
measurement. Moreover, in our experiments the probabilities were measured at different
excitation energies with the same set-up. Thus, they are not completely independent, and the
covariance between the fission probabilities at different energies should be determined, see
Article IV. This information is very important for the evaluation process. Indeed, when data at
different energies are partially correlated, there is a degree of “stiffness”, which implies that
the data at a given energy cannot be modified independently from the data at the other
energies. The covariance matrix of experimental data represents a key piece of information
for providing the evaluated covariance matrix [Kaw08], which can have a strong impact in
applications like e.g. the simulation of critical assemblies. In this manuscript we will discuss

one aspect that influences significantly the variance of P*"°(E*)and we refer to Article IV

and to [Ducl5] for a complete description of the uncertainty analysis. To our knowledge this
is the first time that such a rigorous study of uncertainties for transfer-induced decay
probabilities has been performed.

According to eq. (11), the relative uncertainty of P;"""at a given E* is:
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where Cov represents the covariance of the measured quantities. The covariance measures the
inter-dependency between the quantities involved in the determination of the decay
probability. Interestingly, eq. (22) shows that taking into account the covariance between the

parameters affects the relative uncertainty of P*"(E*). As described in Article 1V, our

experimental procedure allows us to neglect the two last covariance terms in eq. (22) for
fission-probability measurements. This is also the case for gamma-decay probability
measurements when the PHWT is used to derive &gamma, because in that case the
determination of the efficiency is completely independent from the measured quantities. The
situation is different when the EXEM is used to determine ggamma, as this method is based on
the measured singles and coincidence spectra. In next section, we present a procedure to

determine the term Cov(NZ" (E*);N:'9(E*)) that is different from the procedure

ejec—y ejec
described in Article IV and we will deepen into the meaning of the covariance of two
quantities.

6.1. Covariance between coincidence and single events
Cov(Ng, (E*); Nged™ (E*))

For simplicity, in this section we will slightly modify the notation and replace Ngj‘;L[l(E*) by

N®™ and N3i9*(E*) by N™™. To assess Cov(N"; N*™) we can consider the number of

single events as the union of two sets: the fission-fragment(or gamma)-—ejectile coincidence

set, associated to the random variable N°", and the set of ejectiles in anticoincidence with a

fission fragment or a gamma, associated to the random variable N°°°":

Nsing - Ncoin + Nacoin (23)
Using eq. (23) we obtain:

COV(Ncoin : Nsing) — Var(Ncoin)+Cov(Ncoin : Nacoin) (24)
In Article IV it is shown that Cov(N®"; N*°" ~ 0 and therefore:

Cov(N®™"™ ; N°"%) = Var(N®") (25)

The linear interdependence between N and N®" can be quantified with the correlation
coefficient Corr, defined as the ratio of the covariance over the product of the standard
deviations. It is a dimensionless quantity with values within the interval [-1;1]:

COV(N coin : N sing)
Jvar(N®").var(N )

Corr(N®"; N*") = (26)
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Using egs. (11), (25) and (26) it is easy to show that:
Corr(N“";N*™) =P &, (27)

To derive eq. (27) we have assumed that the variables follow Poisson statistics. Eq. (27) says
that the correlation between N°" and N" increases with the decay probability P, and with
the detection efficiency ,, and that N°"® and N°" are only fully (linearly) correlated if &, =1
and P,=1. In our gamma-decay probability measurements, Pgamma =~ 10% and &gamma = 10%,
leading to Corr(N*"?; N°®") = 0.1. In our fission-probability measurements, Prission = 50% and
efission = 50% leading to Corr(N®": N°"%) ~ 0.5. Consequently, neglecting Cov(N®" ; N°") in
fission experiments can lead to a significant overestimation of the uncertainty of the fission
probability. Indeed, in Table 2 of Article IV we show that the relative uncertainty of the
fission probability neglecting the covariance between N*" and N®" is overestimated by more
than 30%.

Let us now present an alternative approach to evaluate Cov(N®" ; N°"9). The quantity
Cov(N®" : N9 measures how fluctuations in N*" affect the value of N®". One way to
determine it, is by making several (hundreds) measurements with exactly the same
experimental conditions (geometry, beam intensity, etc.) and the same duration, and by
representing the measured N°" versus N®". Even though the experimental conditions are
exactly the same, N®" and N°™ will fluctuate, because they are random variables that follow
Poisson statistics. Of course, this is generally not done. Alternatively, one can make groups of
independent events with values for N°" that are sampled from a Gaussian distribution centred

at a given value of N°" (e.g. 1000) and with a standard deviation equal to 4/ N*™ . In this way

one “simulates” how N*" would have varied if one would have performed exactly the same
experiment many times.

To perform this we have used the data from the Oslo experiment [Duc15]. Here, the telescope
is divided in 56 strips with a solid angle of about 0.18% per strip. Because of this very small
solid angle, the number of transfer reactions that are needed to have e.g. N°" =1000 is very
high. For this reason, assuming that N*" is distributed according to a Gaussian distribution
with mean value N and standard deviation +/N*" is completely justified. We have
considered the “®*U(®He,*He) reaction because it has the advantage that there is no pollution
from reactions on the target backing or on oxygen. The average fission probability Prission
associated to this reaction is 0.37 and the fission detection efficiency is about 0.45, therefore
according to eq. (27) we expect Corr(N®" ; N¥") ~ 0.408. The following analysis was
performed in the frame of the PhD thesis of Q. Ducasse [Ducl5]. The events associated to
each telescope strip were subdivided in groups of N®"¢ where the value N°" of each group

was randomly sampled from a Gaussian distribution with mean value <NS‘”9> and standard

deviation <N 5"‘9> . There was no overlap between the different groups, so that each group of

N°"? events was completely independent from the others. For each strip we had a total number
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of events that varied between 4000 and 5000. Therefore, if <N5"‘g>:1000 we had around

4x56=224 independent groups. We also consider the interdependence between the quantities
N and N, where we recall that N®*'"™ = N®"9 - N,

Fig. 9 shows the results for different values of <NS‘“9>. We can see that N and N°" are

Nacoin Ncoinc

correlated, whereas and are uncorrelated. To determine quantitatively the
variances and covariances from the data we use the estimators:

Var(N)=%Zn:(Ni—<N>)2 (28)
with variance _
Varjvar(n)]= 2/ar(N)® (29)
and
Cov(N;N'):%Zn:(Ni—<N>)(N{—<N'>) (30)

i=1

In egs. (28-30) (N)is given by <N>:%Z N, and n is the number of groups of data. The
i=1

values for the estimators of the variances and covariances of the different sets of data are
listed in Table 3.

sin sin coin coin coin acoin acoin Cov(N™", Corr(N™, Cov(N*" Corr(N*",
N | Var(N) | N> | Var(N) | evarh) [N | vareny | ORELT | CTET | CORE o
996 862 172 156 15 824 719 149 0.407 -7 -0.02
499 475 86 82 5 413 401 78 0.395 -4 -0.02
200 191 34 35 14 165 158 34 0.415 -1.3 -0.02

Table 3: Variances and covariances of N¥", N°" and N*°" obtained for the 2*U(*He,*Hef)
reaction. The experimental data were divided in independent groups with different values of

<N 5‘“g> , representing the average number of N®" events in each group.

Table 3 shows that the values of Cov(N®™, N®M) (eighth column) agree very well with
Var(N°") (fourth column), thus demonstrating the validity of eq. (25). More precisely, the
values of Cov(N*", N°") are always well within the error bars of Var(N"), which are given
by +o(Var(N®™) in the fifth column. We also see that the values for Corr(N°", N (ninth
column) agree very well with the expected value of 0.408 obtained with eq. (27). The method
proposed here can be used to evaluate the covariance between any other measured quantities
and has been used in [Duc15] to evaluate the covariance of N°" and N°" with egamma, When
€gamma IS Obtained with the EXEM.
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Figure 9: (Left) N°™ as a function of N™. (Right) N°°™ as a function of N®". N®" has been
sampled from a Gaussian distribution centred at <NS"‘9> and with standard deviation <Nsing>.

For the two upmost panels <Nsing>: 1000, for the middle panels <Nsing>: 500 and for the lowest
panels (N")=200. The data correspond to the 28U (®He,*Hef) reaction.
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Figure 10: Fission cross section as a function of neutron energy. On the left are represented

the results for **Am obtained with the ***Am(®*He, “He) reaction and on the right the

preliminary results for *°U obtained with the 22U(*He, “He) reaction [Duc15]. Our results are

represented by the black symbols, the color symbols represent other experimental data and the

lines the evaluations.

7. Comparison between results obtained with the surrogate method and
neutron-induced data

As stated above, to study the validity of the surrogate-reaction method, results obtained using
surrogate reactions have to be compared to neutron-induced data. In the following we present
some of the results obtained by the CENBG collaboration that are representative of our
current understanding of the degree of applicability of the surrogate reaction method as
represented by eq. (9).

7.1. Selected results for fission

The left part of Fig. 10 shows our results for the fission cross section of **Am obtained with
the surrogate reaction **Am(®He, *He), compared to the neutron-induced cross section by
Dabbs et al. [Dab83] and to international evaluations. To obtain this cross section we have
multiplied the measured fission probability (see Article 1V) by the compound-nucleus cross

section o calculated with a semi-microscopic deformed optical-model potential [Bau01,

Bau00]. We can see that above a neutron equivalent energy of about 0.5 MeV there is an
excellent agreement between our results and the neutron-induced data. The fission cross
section of *°U obtained with the >®U(*He, “He) surrogate reaction is represented on the right
side of Fig. 10 [Ducl5]. In this case, the compound nucleus cross section was obtained with
the ECIS code [Capl3]. Above about 0.5 MeV, our results are in very good agreement with
the neutron-induced data by Meadows et al. and the evaluations. It is interesting to notice that
pre-equilibrium emission was not subtracted from the compound-nucleus cross sections used
for the two reactions *Am(n,f) and *°U(n,f), indicating the negligible contribution of pre-
equilibrium decay for the energies considered. We find a very good agreement with the
neutron-induced data down to relatively low neutron energies for the ensemble of our fission
data. The fission data measured by the Livermore group present in general larger
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discrepancies at the lowest energies. In many cases their results are somewhat shifted with
respect to the neutron-induced data at the fission threshold, see e.g. the data labelled Lyles
2007 in Fig. 10. Before attributing this to the breaking down of the Weiskopf-Ewing limit, it
is necessary to exclude systematic errors due, for example, to deficiencies in the beam-energy
definition or in the energy calibration of the telescopes.

The data labelled Lyles 2007 [Lyl07] on the right side of Fig. 10 correspond to a measurement
using the same surrogate reaction as in our experiment. However, in the experiment by Lyles
et al., the ejectiles were detected at forward angles and the singles spectrum was polluted at
high excitation energies by ejectiles coming from reactions with the target backing and light
target contaminants. This leads to a clear underestimation of the fission cross section above 7
MeV. In our case, the ejectiles were detected at backward angles and the contaminant events
were located at equivalent neutron energies well above 10 MeV. The data labelled Lyles (2)
2007 were obtained using the surrogate ratio method with the surrogate reactions 22U(*He,
*He) and *°U(*He, “He) [Lyl07]. The discrepancies found at the fission threshold were
attributed, by the authors, to angular-momentum effects. The most recent measurements by
Hughes et al. were also obtained with the surrogate ratio method using the **U(p,d) and
2%%U(p,d) reactions. The authors explain the disagreement observed beyond 7 MeV by the
differences between the Q-values of the two surrogate reactions and the S, values of the %"U
and 2°U compound nuclei.
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Figure 11: Preliminary neutron-induced fission cross sections of *®U measured with the
28(d,p) reaction [Duc15]. Experimental neutron-induced data, the surrogate-reaction data by

Britt et al. [Bri70] and several evaluations are also shown for comparison.

Radioactive-beam experiments are expected to provide much-needed information on
compound-nuclear reactions involving short-lived nuclei, see Chapter 4. Since free-neutron
targets are not yet available, surrogate reactions, such as (d,p), might be used to “simulate”
neutron-induced reactions in inverse kinematics. Intuitively, the process of transferring a
neutron from a deuteron projectile to a target seems very similar to bombarding the same
target with a neutron beam. Fig. 11 shows preliminary results for the fission cross section of
238 obtained from the ***U(d,p) reaction as a function of equivalent neutron energy [Duc15].
In this case, the compound nucleus cross section has been calculated by the phenomenological
optical model from TALYS [Rom13]. Below about 1.3 MeV, the surrogate-reaction results
are in good agreement with the neutron-induced data. Above this energy our results are
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clearly below the neutron-induced results. We observe differences up to 35%. Interestingly,
the data by Britt and Cramer [Bri70] obtained using the same ***U(d,p) reaction with a beam
energy of 18 MeV are clearly below our data. The reason for the discrepancy with respect to
the neutron-induced data may be that the neutron transferred to the 2*®U target nucleus in the
stripping (d,p) reaction escapes into the breakup phase space before the ?°U nucleus becomes
a compound nucleus. This leads to a background of “sterile” protons that contaminates the
singles proton spectrum. These protons are not correlated with the compound-nucleus
formation and lead to a decrease of the measured fission probability, as shown by eq. (11).
This hypothesis was already drawn by Britt and Cramer [Bri70] but only now it starts to
attract theoretical efforts [Esc12]. In addition, because the oxidation of the target cannot be
completely avoided, fusion of the deuteron beam with oxygen and the subsequent evaporation
of protons have also to be taken into account. Again, this leads to the production of sterile
protons, decreasing the measured fission probability. Therefore, this process might also be
responsible for the differences observed between the surrogate data and the neutron-induced
data, as well as between the two surrogate-reaction results. Indeed, in our experiment we
limited as much as possible the oxidation of the *®U metallic target, whereas the *®U target
used by Britt and Cramer was an oxide. To address this issue, detailed fusion-evaporation
calculations will be performed with the PACE4 code. Moreover, it would also be interesting
to make measurements for the *®U(d,p) reaction at different incident energies, to see whether
we can reproduce Britt and Cramer’s results.

Deuteron breakup is a complex process. One distinguishes between elastic and inelastic
breakup. In the elastic breakup, the impinging deuteron breaks up due to the Coulomb and/or
nuclear interaction with the target and the resulting proton and neutron move apart leaving the
target nucleus in the ground state. The inelastic breakup includes the processes in which the
incident deuteron breaks up and the resulting proton and neutron move apart but the target
nucleus is excited, as well as the cases where the resulting neutron fuses with the target
nucleus leading to a compound nucleus. Moro et al. [Mor15] are currently performing CDCC
(Continuum Discretized Coupled-Channel) calculations to compute the elastic and inelastic
breakup cross sections for the 2*U(d,p) reaction at 15 and 18 MeV incident energy. In these
calculations, the absorption of the neutron due to its interaction with the target nucleus is
represented by the imaginary part of the neutron-target optical potential. However, the
absorption produced by this potential accounts also for other processes, like e.g. target
excitation, and it is not obvious to disentangle the different contributions to the inelastic
breakup. The first results obtained at 15 MeV show that, in the range from 0 to about 2 MeV
neutron energy, the elastic breakup gradually increases with neutron energy and reaches a
maximum of 10% of the total cross section at 2 MeV. An attempt to extract the compound-
nucleus cross section from these calculations is currently under study [Mor15].

Note that the problems just described for the (d,p) reaction are not present when using the
(*He,*He) reaction, which gives results in good agreement with the neutron-induced data. For
this pickup reaction, a neutron is removed from a deeply-lying bound state of the target, so
there is no significant escape of neutrons before the compound nucleus is formed. Moreover,
fusion of the *He beam with target oxygen and subsequent alpha evaporation may occur, but
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the energies of the evaporated alpha particles (predicted by PACE4 calculations) are too low
to traverse the AE part of the SiRi telescope.

7.2. Selected results for capture

As a first step, we studied the surrogate method applied to neutron-induced capture cross
sections in the rare-earth region. In particular, we studied the Y*Yb(®*He,*Hey)'"*Yb and
1%yb(*He,py)*"°Lu transfer reactions as surrogates for the 1">Yb(n,y) and *”°Lu(n,y) reactions,
respectively. We focused on the study of the *"2Yb(n,y) and **Lu(n,y) cross sections because
they present the advantage to be very well known. The measurement was performed at the
Tandem accelerator of the IPN Orsay in 2010 and is described in Article 1. The obtained
results for the radiative-capture cross sections are compared to existing neutron-induced data
and to available evaluations on the left side of Fig. 12. Our surrogate-reaction data are a factor
10 higher than the neutron-induced data at the lowest energies.
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Figure 12: Radiative-capture cross sections as a function of neutron energy. On the left are
shown the results for 2Yb obtained with the *Yb(*He,*He) reaction and on the right
preliminary results obtained with the *®U(d,p) reaction. Our results are represented by the
black symbols, the color symbols represent neutron-induced data and the lines the
evaluations.

The differences observed for the capture cross sections may be due to the higher angular
momentum induced by transfer reactions. For excitation energies close to S,, gamma decay
competes with neutron emission, leading to the population of the ground state or the first
excited states of the residual nucleus A-1. Neutron emission at E* = S, is very sensitive to the
spin of nucleus A*. Indeed, the low-lying states of the residual nucleus A-1 have a given spin
and the average orbital angular momentum carried by the emitted neutron is in general quite
low (around 1 7). Therefore, if the angular momentum induced in the surrogate reaction is
much larger than the angular momentum of the first states of nucleus A-1, neutron emission to
the low-lying states of the residual nucleus will be strongly suppressed and the de-excitation
will proceed essentially by gamma emission. In contrast, for a neutron-induced reaction,
neutron emission to the ground state and to the first excited states of the residual nucleus is
the dominant way of de-excitation right above S,. Similar conclusions have been drawn by the
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Livermore group in USA [Scil0], who observed important discrepancies between the
surrogate-reaction data and the neutron capture cross sections of several Gd isotopes.

The spin/parity selectivity of neutron emission decreases strongly as the level density of the
residual nucleus A-1 increases. Therefore, the discrepancies between surrogate-reaction
results and neutron-induced data are expected to decrease as the mass and the E* of the
decaying nucleus increase. The right part of Fig. 12 presents preliminary results for the 28U
capture cross section as a function of equivalent neutron energy, obtained in the *®U(d,p)
reaction [Ducl5]. The capture cross section obtained with the surrogate method is several
times higher than the neutron-induced one over the whole energy range. At high energies, the
discrepancies between the surrogate data and the neutron-induced data are somewhat smaller
than for the rare-earth nuclei investigated in Article Il. A minimum factor of about 2.5 is
reached at 1 MeV. Deuteron breakup described in the previous section complicates the
interpretation of the results obtained with the *2U(d,p) reaction, since the presence of protons
originating from the breakup of the deuteron in the singles spectrum reduces also the
measured gamma-decay probability.
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Figure 13: Fission (blue) and gamma-decay (green) probabilities as a function of excitation
energy. The left panel shows the results obtained with the “3U(*He,*He) reaction and the right
panel with the *®U(*He,t) reaction. The full lines represent the evaluations. The decay
probabilities have been obtained by dividing the evaluated neutron-induced cross section by
the compound-nucleus cross section obtained with the ECIS optical potential [Cap13].

7.3. Simultaneous measurement of gamma-decay and fission
probabilities

It has been argued that the suppression of neutron emission caused by the spin-parity
mismatch would imply also a significant increase of the fission cross section [Rom12]. Yet,
the available data seem to indicate that fission is much less sensitive to spin/parity differences
than radiative capture. However, to really proof that fission behaves differently from gamma-
decay, fission and gamma-decay probabilities have to be simultaneously measured for the
same nucleus at the same excitation energy. The surrogate reaction 22U(*He,t)>*®Np is a good
candidate for such a study, because the neutron-induced capture cross section of *’Np has
relatively high values at the fission threshold. Therefore, for this nucleus we expect a sizeable
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gamma-decay probability at the fission threshold. This is not the case for 2°U, for example,
where fission sets in at a neutron energy of about 1 MeV. At the Oslo cyclotron we measured
simultaneously the fission and the gamma-decay probability for the Z8U(He,t)*®Np and the
28U(*He,*He)**’U reactions [Ducl5]. Although the overlap region between fission and
gamma decay of ?’U is somewhat smaller than for *®Np, the comparison of the results
obtained with the two surrogate reactions is interesting, because the populated spin/parity
distributions and the structure of the involved nuclei are different. As discussed in section 4,
the measurement of the gamma-decay probability in the overlap region is challenging, as it
requires discriminating the gamma rays emitted by nucleus A* from the prompt gamma rays
emitted by the fission fragments.

The preliminary results displayed in Fig. 13 show large discrepancies between the gamma-
decay probabilities obtained with surrogate and neutron-induced reactions, whereas a fairly
good agreement is observed for the fission probabilities. Unfortunately, our results are
affected by significant uncertainties due to the large error bars on the fission efficiency, and
the limited statistics caused by the low *He beam intensity. We recall also the issue with the
beam-energy definition at the Oslo cyclotron. For these reasons, we plan to perform a new
dedicated experiment to measure these data more accurately.

The explanation of the results presented in Fig. 13 is not obvious. At excitation energies
above S, the level density of actinides is quite high so that the number of open channels for
gamma-decay is not very sensitive to the populated spin. Similarly, the good agreement
observed for fission can be interpreted as the result of a high level density also on the top of
the fission barriers and a weak sensitivity to the spin. If neutron emission is suppressed or
significantly reduced for the surrogate reactions, one would expect that both, fission and
gamma-decay probabilities increase. One may also question the validity of the hypothesis of
compound-nucleus formation in the surrogate reactions. However, it is commonly believed
that fission can only proceed through the formation of compound nucleus. Indeed, there is a
sizable probability to cross the fission barrier (see Chapter 3) only for the macrostate of
maximum entropy, where all the states on top of the barrier have equal probability to be
populated [Wig38]. If there would be a mixture of events related to direct and to compound-
nucleus reactions in the singles spectra, fission would not be possible for the direct events and
the fission probability would be lower than the neutron-induced fission probability.

8. Short-term perspectives

In the previous section we have shown the interest of measuring simultaneously fission and
gamma-decay probabilities in surrogate experiments. We have developed an experimental set-
up that is optimized for this purpose. The setup is shown in Fig. 14. It consists of a reaction
chamber housing the target, two particle telescopes placed at backward angles and the fission
detector. The chamber is surrounded by two types of gamma detectors: four C¢Ds liquid
scintillators and six high-purity germanium detectors. Each telescope is composed of a 300
um position-sensitive Si detector followed by a SiLi detector with 5 mm thickness. The
fission detector consists of 16 solar cells positioned at different angles. This segmentation will
allow us to measure the fission-fragment angular anisotropy. The vacuum chamber is
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equipped with an airlock to isolate the 2*°Cf source (which is needed to determine the solid
angle of the fission detector) from the environment during the transportation from the glove
box, where it will be mounted, to the experimental setup. A second airlock will be used for a
target ladder containing the **®U and *®®Pb targets, and the target backing. In April 2015, we
will use this setup to measure simultaneously the fission and gamma decay probabilities for
the 28U (*He,t) and 2®U(*He,*He) surrogate reactions at the Tandem accelerator of Orsay. The
Tandem accelerator is very well suited for this measurement because it provides a high
quality *He-beam with excellent energy resolution and definition, and significantly higher
intensities than at the Oslo cyclotron (more than a factor 20).

GE detectors

CeD6 detectors

Reaction chamber

Figure 14: Schematic view of the experimental setup for simultaneous measurement of
fission and gamma-decay probabilities.

8.1. New strategy for radiative capture reactions

Our results show that the surrogate method as represented by eq. (9) is not suited for
determining capture cross sections. However, surrogate reactions remain presently the only
possibility to access highly radioactive nuclei. To improve on the applicability of the method,
a different strategy is needed:

(i) Predict the spin/parity distributions populated in surrogate reactions.

(i) The calculated spin/parity distributions and the data obtained from surrogate reactions
are used to determine key input information of the Hauser-Feshbach calculation, such as
the parameters of the gamma-ray strength-function and the level-density.

(iii)The tuned Hauser-Feshbach calculation is then used to determine the capture cross
section of interest.

Recent results obtained by J. Escher et al. [Esc13] show that this new strategy is very
promising. Indeed, the uncertainties of the Hauser-Feshbach calculations are considerably
reduced when surrogate-reaction data are used to constrain model parameters. [Esc13] also
shows that this method can be used to determine (n,n’) and (n,2n) cross sections.
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We would like to contribute to the development of this new strategy for determining capture
cross sections and to test its validity. This strategy requires predicting the spin/parity
distributions populated in the surrogate reaction. As already said, this is a difficult task as it
requires the modeling of the direct population of an unbound excited state in the continuum
and its damping into a compound nucleus [Esc12, Carl4]. Due to the complex structure of
deformed nuclei, first calculations have been carried out by J. Escher et al. for nearly
spherical Zr isotopes [Esc13]. Here, we propose to use the setup shown in Fig. 14 to measure
the probability for specific gamma transitions as a function of angle and excitation energy of
the spherical ?*’Pb formed in the *®®Pb(*He, “He) reaction, as well as the gamma-decay
probability of ?°’Pb. Note that the reactions on “®®Pb are anyway needed for the energy
calibration of the gamma detectors and of the particle telescopes. Therefore, this measurement
can be performed during our next experiment at Orsay. The measured gamma-decay
probability of *’U can also be used to test the new strategy at a later stage, when the models
are sufficiently developed to treat heavy, deformed nuclei.

8.2. Data on short-lived heavy actinides

Our new setup can be used to measure fission and gamma-decay probabilities of short-lived
actinides such as 2%?*Am and ****'Pu. These nuclei are important for reactor applications,
in particular the neutron-induced cross sections of 2Am(T1(GS)=16 h), *°Am(T,=2.1 d)
are relevant for the incineration of 2**?**Am and the neutron-induced fission cross section of
238p(T1,=87.7 y) is needed for the sodium fast reactor, as well as for transmutation schemes.
Due to the short half-lifes, the corresponding neutron-induced cross sections present
important discrepancies or are simply not available. The associated decay probabilities can be
measured via *He-transfer and inelastic-scattering reactions on *°Pu (T.,=6563 y) and
242p|)(Ty,,=3.75-10° y) targets. Unfortunately, these targets are not yet available.

9. Conclusions

The surrogate reaction method is an indirect method to determine neutron-induced cross
sections of short-lived nuclei. We have presented the fundamental ideas underlying the
surrogate method and the conditions under which it is applicable. Given the limitations of
current theoretical models, the validity of the method has to be evaluated by comparing the
results obtained with the surrogate method with already existing neutron-induced data. The
experimental methods used by the CENBG collaboration to measure the fission and gamma-
decay probabilities have been presented, emphasizing the major experimental difficulties. The
major problems to be faced are the determination of the gamma-cascade detection efficiency
at the highest excitation energies, and the background due to target contaminants. In our
studies we have also made a particular effort to determine the uncertainty of the measured
probabilities in a complete and very rigorous way, taking into account the correlations of the
different measured quantities.

Some selected results obtained by the CENBG collaboration have been discussed. For the
28(d,p) reaction we have observed a clear reduction of the fission probability which can be
(at least partly) attributed to deuteron breakup. Our data are above the data measured by Britt
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et al. [Bri70] with the same reaction at 18 MeV incident energy. To understand these results
we will compare our data to model calculations describing the formation of a compound
nucleus after the breakup of the weakly bound incident deuteron. It would also be interesting
to perform measurements of the 2**U(d,p) reaction at different incident energies.

The ensemble of the data measured by the CENBG collaboration indicates that fission is
much less sensitive to the reaction used to produce the decaying nucleus than radiative
capture. In fact, the clearest proof of the weaker sensitivity of fission to the entrance channel
has been given by the preliminary results measured at Oslo, where fission and gamma-decay
probabilities have been measured simultaneously for one nucleus at the same excitation
energy in the 2*U(*He,"He) and *U(*He,"He) surrogate reactions. Unfortunately, the data
measured at Oslo suffer from large uncertainties. Therefore, we will measure them again with
better accuracy in our next experiment at the Tandem accelerator of the IPN Orsay. The
interpretation of the preliminary results obtained at Oslo is not obvious. We think that our
data can considerably help in the understanding of the results obtained so far with the
surrogate method and, more generally, that they can provide a stringent test to the statistical
model.

Our results show that the surrogate method as expressed by eq. (9) cannot be used to infer
radiative capture cross sections. However, surrogate reactions remain presently the only
possibility to extend our studies to the most radioactive nuclei. A different strategy is thus
required: it is necessary to develop theoretical models to predict the spin/parity distributions
populated in the surrogate reactions. Experiments are required to test and validate these
models. For example, gamma-decay probabilities and gamma-transition intensities are very
sensitive to the angular-momentum and parity distributions. Once these distributions are
known, the data obtained from surrogate reactions can be used to determine key input
information of the statistical model, such as fission barriers, transmission coefficients and
level-density parameters, and in that way considerably improve the model predictions for the
cross sections of interest.

The continuation of our measurements, with the techniques presented in this chapter, depends
on the production of good-quality, pure targets that are presently rather difficult to obtain.
Luckily, the target issue can be overcome by measurements in inverse kinematics with
radioactive beams, which offer very interesting new possibilities, as will be shown in Chapter
4.
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Chapter 3: Partition of intrinsic excitation energy and
unpaired nucleons in fission: the energy-sorting process

1. The context: development of the GEneral Fission code (GEF)

Fission is a large-scale collective motion where a heavy nucleus evolves into two individual
nuclei with nuclear properties that considerably differ from those of the initial nucleus. This
transition from a mononuclear to a di-nuclear system involves a drastic rearrangement of
nucleons and energy, and its understanding is highly important from the fundamental point of
view. The understanding of fission is also relevant for applications. Indeed, fission is the
mechanism that is at the origin of most of the energy that is generated in nuclear reactors, it is
also important in nuclear medicine for the production of radio-isotopes and for the production
of beams in radioactive ion-beam facilities.

Fig. 1 shows a schematic view on the evolution of a fission event after excitation of a heavy
nucleus by neutron absorption. Thanks to dissipation, i.e. the coupling between intrinsic
(single-particle or quasi-particle excitations) and collective degrees of freedom (coordinate
motion of the ensemble or a part of nucleons), part of the intrinsic excitation energy generated
by neutron absorption feeds a quadrupole vibration of larger and larger amplitude. The
stretching of the nucleus leads to some necking and the fission fragments start to emerge.
Because of the mutual Coulomb repulsion, the nascent fragments are generally highly
deformed and finally fly apart with high Kkinetic energy after scission. Scission is the point
where the fragments separate and are not in contact anymore. When the distance between the
separated fragments is large, the Coulomb repulsion between the fragments decreases and the
fragments eventually snap back to a smaller deformation. Again, due to the coupling between
collective and intrinsic degrees of freedom, the deformation energy transforms into intrinsic
excitation energy of the fully accelerated fragments. Since fission fragments are neutron-rich,
the deexcitation proceeds almost exclusively by prompt-neutron emission and, subsequently,
by prompt-gamma emission. The situation represented in Fig. 1, corresponds to low-energy
fission, i.e. to initial excitation energies of few MeV. At higher excitation energies, neutrons,
charged particles and gamma rays may also be emitted before scission.

In Chapter Il, we have already stressed the importance of fission cross sections for reactor
physics. However, a good knowledge of all the other fission observables is also necessary.
Fission-fragment isotopic yields (i.e. the fission-fragment yields as a function of their mass A
and charge Z) play a significant role in reactor physics, as they allow one to determine the
radioactivity generated by the fission products, and in particular the decay heat. The decay
heat is the energy that is generated after the reactor has been shut down, mainly due to the
beta decay of fission fragments. If no cooling system removes the decay heat from a newly
shut down reactor, the decay heat may cause the core of the reactor to reach unsafe
temperatures within a few hours or days. Good knowledge of the multiplicity and the energy
spectrum of prompt-fission neutrons is also essential, as the prompt-fission neutrons ensure
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the maintenance of the chain reaction. There is also a clear need for an accurate knowledge of
the multiplicity and the energy spectrum of prompt gamma-rays emitted by the fission
fragments. Indeed, approximately 10% of the total energy released in fission is due to y rays,
of which around 40% of the heat originates from prompt gamma rays.

Time

Figure 1: Schematic time evolution of the neutron-induced fission of a heavy nucleus.

Important progress has been made in the theory of fission over the last decades. For example,
the potential-energy surface of the fissioning systems has been systematically mapped in five-
dimensional deformation space [M0l01]. Stochastic methods [Ranll] and self-consistent
microscopic approaches [Gou05] have been developed for dynamical calculations of low-
energy fission. However, these calculations still face severe restrictions, due to the limited
computing power and the lack of suitable theoretical formalisms. For this reason, even though
these models are already very successful in describing general trends, they fail to properly
reproduce experimental data.

This chapter includes the work done in collaboration with Karl-Heinz Schmidt for the
development of the GEF code. Our motivation for this collaboration was to produce a fast
code that is able to predict all fission observables with the required accuracy of technological
applications. GEF is a semi-empirical code, it combines general laws of quantum and
statistical mechanics with specific experimental information. Some of the physics ideas
behind GEF will be thoroughly discussed in the next sections. Because it is based on robust
physical concepts, GEF provides reliable predictions for essentially all fission observables of
a broad range of fissioning nuclei, extending from Po to Sg, and covers spontaneous fission to
fission at about 100 MeV excitation energy. Contrary to most of the fission models used in
reactor physics, GEF can give also reliable results for nuclei where no experimental
information is available.

A complete description of the code can be found in [Sch14]. The good quality of GEF
predictions has been demonstrated via a thorough comparison to an enormous amount of
experimental data, covering all the different fission observables and a broad range of
fissioning nuclei and excitation energies, see [Sch14]. Ref. [Sch14] demonstrates that GEF
can be a powerful tool for the evaluation of nuclear data. In the following we will describe

44



how the partition of the pre-scission excitation energy and unpaired nucleons between the
fragments is determined in GEF, demonstrating that GEF is also a powerful tool for
fundamental physics.

2. Low-energy fission

Before entering into the subject, it is important to clarify the different origins of the intrinsic
excitation energy all along the fission process in low-energy fission. We will also present
some key experimental data sensitive to the partition of energy and unpaired nucleons
between the fragments.

In the frame of the liquid-drop model, the competition between the surface tension and the
Coulomb repulsion during the stretching of the nucleus leads to a potential energy as a
function of elongation that presents a fission barrier. After the fission barrier (or the saddle
point), the Coulomb repulsion leads to a rapid decrease of the potential energy. This is shown
on the left side of Fig. 2, which represents the potential-energy surface according to the
liquid-drop model as a function of elongation and mass asymmetry for 2°U [Kar08]. As we
can see, there is only one fission valley on the way from saddle to scission corresponding to
symmetric fission. Therefore, the fission-fragment mass yields predicted by the liquid-drop
model are symmetric. The right side of Fig. 2 shows the potential-energy surface including
shell effects. We can see now some structure at the saddle point, leading to a double-humped
fission barrier and two well separated asymmetric fission valleys on the descent from saddle
to scission. The different fission valleys lead to different humps in the fragments mass yields,
which are known in literature as fission channels [Bro90]. One distinguishes mainly between
three fission channels: the symmetric channel that generally results from the liquid-drop
potential, and the two asymmetric channels caused by shell effects: the less asymmetric
channel is known as the Standard 1 (S1) and the more asymmetric as the Standard 2 (S2)
channel.
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Figure 2: Potential-energy surface for the fission of ?*°U according to the liquid-drop model

(left) and with inclusion of shell effects (right). Figure taken from [Kar08].
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2.1. Energetics of the fission process

Fig. 3, which is taken from Article VII, gives a one-dimensional view on how the energy
available in the fission process (equal to the Q value and the kinetic energy of the neutron in
the centre of mass) is divided into potential, intrinsic, collective and kinetic energy as a
function of deformation. The inset of Fig. 3 shows that the energy release due to the
decreasing potential energy before scission is partly dissipated into excitations of collective
normal modes and intrinsic excitations. The remaining part feeds the pre-scission Kkinetic

energy.
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Figure 3: Schematic presentation of the different energies appearing in the fission process of
28 with an initial excitation energy equal to the fission-barrier height. The vertical dotted
line indicates the scission point. The arrows indicate the amount of potential energy, kinetic
energy and excitation energy. The inset illustrates the region before scission in an enlarged
scale. The values of the different energy contributions have been obtained with the GEF code
[Sch14]. The hatched area is the total intrinsic excitation energy available before scission.
TXE stands for Total eXcitation Energy and TKE for Total Kinetic Energy.

Different mechanisms lead to the transformation of the potential energy stored in the
elongation degree of freedom into intrinsic excitation energy during the descent from saddle
to scission: one-body [Sim14] and two-body dissipation due to level crossing [Mir09]. As
shown in [Asg84], the potential-energy difference between saddle and scission increases

with 22, / A%, where Zcy and Acy correspond to the number of protons and the number of

nucleons of the fissioning nucleus, respectively. In this work, we assume that the dissipated
energy increases in proportion to this energy difference. More precisely, we consider that
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about 35% of the potential energy difference from saddle to scission is dissipated. This
fraction gives the best agreement between GEF and a significant amount of fission data
[Sch14]. According to this, the dissipated energy (hatched area in Fig. 3) varies from about 3
MeV for 2°Th to 8.5 MeV for *°Cf.

We have to consider also the intrinsic excitation energy above the fission barrier, which is
equal to the total excitation energy of the nucleus minus the height of the outer fission barrier.
In the case represented in Fig. 3, the fissioning nucleus has no excitation energy above the
second barrier. Of course, if we would consider a higher incident neutron energy, the
excitation energy above the barrier would be higher. This additional excitation energy has to
be added to the energy that is dissipated (hatched area in Fig. 3) to obtain the total intrinsic
excitation energy available before scission E, which is the quantity of interest in this work.

The main part of Fig. 3 shows that the excitation energy of the fragments still increases after
scission. The reason is that, as the fragments move apart, their mutual Coulomb repulsion
decreases, the fragments become less and less deformed and the surface energy becomes
available in the form of excitation energy. In addition, the energy stored in the collective
normal modes (angular-momentum bearing and others) [Nix65] is shared between the
fragments according to the corresponding coordinated motions of the nascent fragments
before scission and appears as rotational energy in the separated fragments. Depending on the
spectroscopic nature of the fragment, the angular momentum can be carried by single-particle
excitations and/or by collective excitations (e.g. rotational states in deformed nuclei). Eiy, the
deformation energy and the collective energy constitute the Total eXcitation Energy (TXE) of
the fragments.

Fig. 3 also gives quantitative information on how the fission Q value (about 200 MeV) is
distributed into TXE (that will be released in the form of prompt neutrons and gamma rays)
and total kinetic energy (TKE), TKE = Q - TXE for the case shown in Fig. 3. We can see that
only about 30 MeV become excitation energy of the fragments, the rest, about 170 MeV,
become kinetic energy. In the example shown in Fig. 3, the largest contribution to the TXE
comes from the deformation energy of the fragments.

The excitation energy available before scission Ei: has to be partitioned between the
fragments before they separate at scission. In Section 3, we use statistical mechanics to
investigate how this energy is distributed. We insist that the deformation and collective
energies are dissipated into intrinsic excitation energy well after scission, when the fragments
are not in contact anymore. These two types of energies cannot be exchanged between the
fragments. Therefore, as we pointed out in Article VII, the assumption of most fission models
used for the prediction of prompt-neutron emission in reactor physics [Mad82, LemO05,
Ran09, Tall0, Lit10] that the total excitation energy TXE (see Fig. 2) is shared between the
fragments according to the condition of statistical equilibrium is not correct.
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2.2. Prompt-fission neutrons

The strong correlation between the excitation energy of the fragments and their deformation
near scission is clearly reflected by the average number of prompt neutrons <v> (or v) as a
function of the fragment mass. This quantity has been measured rather accurately for the
spontaneous fission of °2Cf and is shown in Fig. 4. We can see that the number of prompt
neutrons first increases with the mass of the fragment, it suddenly drops at A~130 and
increases again with the mass of the fragment. This particular shape of <v >(A) is known in
literature as the *“saw tooth”. The drop near A=130 is due to the spherical shape of the double-
magic (Z=50, N=82) heavy fragment. The increase of <v > with mass number can be
explained by the increase of the fragment deformation. Indeed, shell-model calculations
[Wil76, Rag84] reveal that shell effects at large prolate deformation show a strong correlation
between the particle number (neutrons or protons) and the increasing deformation.
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Figure 4: Measured average number of prompt neutrons as a function of the fission-fragment
mass for the spontaneous fission of 2°2Cf [Wah88].

The average number of evaporated neutrons as a function of the fragment mass of “*’Np has
been studied very carefully at two different neutron energies [Nagq86], see Fig. 5. As
mentioned above, an increase of incident neutron energy translates into an increase of the
intrinsic excitation energy above the barrier and, thus, into an increase of the total intrinsic
excitation E available before scission. One would expect that the increase in excitation
energy would lead to an increase of the number of prompt neutrons emitted by both
fragments. However, Fig. 5 shows a very peculiar feature: for asymmetric mass splits below
A=110 and above A=130 the increase of intrinsic excitation energy leads to an increase of the
number of evaporated neutrons for the heavy fragment, only. Actually, as shown in Article V,
a quantitative analysis of the data from Fig. 5 reveals that all the additional intrinsic excitation
energy appears in the heavy fragment. This observation is rather general, as it was also found
for other fissioning systems such as **U and #*®U and other incident particles like protons
[Bur70, Bis70, Miil84, Str90]. However, this effect remained unexplained for many years.
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2.3. The odd-even effect in fission-fragment elemental yields

In addition to intrinsic excitation energy, the nascent fragments have also to share few
unpaired nucleons before scission. The question arises in a very clear manner for odd-Z
fissioning nuclei. In this case, there is, from the very beginning of the fission process, at least
one unpaired proton. For even-Z fissioning nuclei, the unpaired protons can be generated
during the fission process, for example if part of the potential energy stored in the elongation
is dissipated into quasiparticle excitations on the way from saddle to scission.
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Figure 5: Average number of prompt neutrons as a function of the primary fragment mass for

the neutron-induced fission of %’Np at two incident neutron energies, data taken from ref.
[Naqg86].
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Fig. 6 shows the measured fission-fragment yields as a function of proton number for the
fissioning nucleus “Th. The data were measured in inverse kinematics at GSI. The ?*Th
beam was excited in the Coulomb field of lead target atoms slightly above the fission barrier
[SchOO0]. The average excitation energy of the fissioning nucleus is 11 MeV, corresponding to
the excitation energy induced by neutrons with 5.8 MeV kinetic energy. This inverse-
kinematics experiment allowed the measurement of the odd-even structure continuously over
a large range of mass splits. This was not possible in heavier actinides due to the extremely
low yields for symmetric splits. The global shape of the data from Fig. 6 can be described by
three humps, one centred at symmetry (Z~45) and two at asymmetry (Z=~36 and 54). These
humps result from the shape of the potential as a function of mass (or charge) asymmetry as
given by the liquid-drop model with the influence of shell effects [Str68], see Fig. 2. The odd-
even effect in fission-fragment yields is the fine structure that is superimposed to the gross
shape of the yields showing an enhanced production of fragments with even Z. The
production of odd-Z fragments evidences that pairs of nucleons are broken during the fission
process.
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Figure 6: Element distribution observed in the electromagnetic-induced fission of **Th in
inverse kinematics at GSI [Sch00].

Fig. 7 shows the fission-fragment charge distribution of the odd-Z nucleus ?°Ac measured
also in inverse kinematics at GSI [Sch00]. We can see that for the most asymmetric splits
(around Z = 32 and Z = 57) there is also an odd-even staggering and that there is a higher
yield for light even-Z fragments (implying an odd-Z heavy fragment). Therefore, these data
show that the unpaired proton prefers to stick to the heavy fragment.

T T T
20 odd
even
B+ -
5
S 10 -
>
5 i
or D | ! ! ! ! 1 | 90g@ ]
25 30 35 40 45 50 55 60 65

Z
Figure 7: Element distribution observed in the electromagnetic-induced fission of **Ac

[Sch00]. The green-dashed line shows the distribution multiplied by a factor 10 to highlight
the yields for the most asymmetric splits.

It was proposed in [Tra72] to quantify the odd-even staggering by the local odd-even effect
op(Z), which corresponds to the third differences of the logarithm of the yields Y:

5p(z):%(—1)z'°w[|nv(z +3)-InY(Z,,)-3(InY(Z,,+2)-InY(Z,, +1))] (1)

low low low

where Zy, is an integer defined as Zw=2Z - 3/2. As discussed in Article VIII, the quantity
op(Z) has the important advantage to filter out from the yields the variations that extend over a
significant number of charges and are related to the global shape of the potential energy. To
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better understand the meaning of d,(Z), we can consider two curves: one links the logarithms
of the yields of neighbouring even-Z fragments InYeen z(Z), and the other connects the
logarithms of the yields of neighbouring odd-Z fragments InYoqq z(Z). These two curves are
continuous functions (if the yields Yeven z and Yoqq z follow a Gaussian shape, the curves are
parabolas) and can be evaluated for any value of Z. As explained in [Tra72], ,(Z) equals half
the distance between the two curves:

nYevenZ (Z) — InYodd z (Z)

5,(2) - _

(2)

Fig. 8 shows experimental results on J,(Z) as a function of charge asymmetry for different
fissioning nuclei. In this figure, the charge asymmetry has been parameterized as the ratio of
the charge of the light fragment Z; over the charge of the fissioning nucleus Zcn. The curve
named ?*Th,em has been obtained from the data shown in Fig. 6. The remaining data,
corresponding to thermal-neutron-induced fission, have been taken from the compilation
given in [Caall]. Fig. 8 illustrates several general trends:

0] The amplitude of J, decreases with increasing mass of the fissioning system and
with excitation energy (cf. ?°Th,e.m.).

(i) For a given fissioning nucleus d, increases with asymmetry.

(iii)  Also odd-Z fissioning systems like **Am or ?*Np show an odd-even effect at
large asymmetry whose magnitude is about the same as for even-Z systems of
comparable mass.
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Figure 8: Measured local odd-even effect d, as a function of asymmetry. The legend indicates
the fissioning nucleus. The data labelled ?**Th,em have been taken from [Sch00] and the rest
from the compilation given in [Caall].

Statistical arguments have been previously used to explain in a more or less quantitative way
the different aspects of the odd-even effect in fission-fragment yields illustrated in Fig. 8 (see
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Article VIII). However, a comprehensive model that explains the odd-even staggering in all
its complexity is not yet available.

3. Application of statistical mechanics to two nascent fission fragments
in contact

In the following, we investigate the partition of excitation energy and few nucleons between
the nascent fission fragments within the frame of statistical mechanics. We have seen in
Chapter 1 that statistical equilibrium represents the asymptotic state to which any system is
driven to. Therefore, our approach can help to identify the main mechanisms that are behind
the observations described in the two previous sections.

3.1. Starting point of the model

Theoretical investigations of the gradual transition from the mononucleus regime to the
dinuclear system concerning shell effects [Mos71, Mos71-2], pairing correlations [Kra01] and
congruence energy [Mye97] show that the fission-fragment properties are already rather well
established in the vicinity of the outer saddle. As explained in [Mos71], the strong influence
of the fragment shells on the single-particle states well before scission is due to a fundamental
guantum-mechanical effect in which the nucleons are localized in the two fragments as soon
as there is some necking. Very recently, Hartree-Fock calculations with BCS pairing residual
interaction have been performed for “*Fm in [Sim14]. These calculations confirm the very
early onset of the fission fragment properties. One can see that the establishment of the shell
gaps Z = 50 and N = 82 of the ***Sn nascent fragments and the vanishing of the proton and
neutron pairing energies occur well before the configuration where the neck disappears.
Therefore, it is reasonable to assume that, well before scission, the fissioning system consists
of two well-defined nuclei in contact through the neck.

The dissipated energy introduced in section 2.1 is gradually fed into the system on the way
from saddle to scission, see Fig. 3. We assume that the system reaches statistical equilibrium
at every point of the trajectory from saddle to scission and that the feeding of intrinsic
excitation energy is faster than the relaxation time. Then, for simplicity, we can further
assume that all the dissipated energy is already fed into the system at the point where the
properties of the fragments are well defined. Therefore, at this point the total amount of
available excitation energy E;: is equal to the sum of the intrinsic excitation energy above the
outer saddle and the energy acquired by dissipation from saddle to scission. Intrinsic
excitations are expected to be homogeneously distributed within the nuclear volume. This is
likely to hold also in the transition from a mononuclear to a dinuclear system that takes place
very rapidly near the outer saddle [Mos71]. Consequently, a reasonable assumption is that E
is initially shared among the fragments according to the ratio of their masses.

We assume that the system formed by the two nuclei in contact then evolves to a state of
statistical equilibrium, the macrostate of maximum entropy, where all the available
microstates have equal probability to be populated, see Chapter 1. This implies that the total
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available energy Ei: will be distributed among the two nascent fragments according to the
probability distribution of the available microstates which is given by the total nuclear level
density®. During the equilibration there is a strong restriction on the gross mass asymmetry
which is fixed by the bottom of the potential in the fission valleys (see Fig. 2). This means
that the number of protons and neutrons in the prefragments can only vary by very few units.

3.2. Nuclear level densities

The total nuclear level density of the system made of two fragments in contact is given by the
product of the level densities of the two fragments pi(E1)p2(E2). Before deepening into the
equilibration process of the two fragments, it is important to have a closer look at the nuclear
level densities, which are a key ingredient of our model. The experimental information on
nuclear level densities is rather scarce and for a long time it has been limited to the lowest
excitation energies through the counting of known, discrete levels and to excitation energies
around the neutron separation energy studied by experiments on neutron resonances. Thanks
to the analysis of neutron evaporation spectra in proton-induced reactions, e.g. [Svi06], and
more recently, thanks to the Oslo method [Lar11], the region between the lowest excitation
energies and the neutron separation energy has become accessible. These data show that for
most nuclei the logarithmic slope of the level density remains nearly constant as a function of
excitation energy, see Fig. 9. This is a rather peculiar behaviour and one can better understand
its particularity by using the concept of temperature (a discussion on the pertinence of the use
of this concept for nascent fission fragments is given below). Combining egs. (7) and (8) of
Chapter 1, we get that the temperature T corresponds to the inverse logarithmic slope of the
level density:

T :{d(ln(p(E))} @)

dE

Therefore, the experimental results indicate that the nuclear temperature remains nearly
constant when the excitation energy increases. That is, at low excitation energies nuclei
behave nearly like thermostats. This recalls the behaviour of objects in nature that undergo a
phase transition. During the melting of ice, the temperature remains constant until all the ice
has turned into water. This occurs because the excitation energy that is put into the system is
spent in the creation of new degrees of freedom. Different theoretical work (e.g. [Str58]) has
shown that in nuclei the observed constant-temperature behaviour is due to the continuous
melting of Cooper pairs, and recalls the superfiuid-normal phase transition in some liquids
[Nyh12].

' We replace the nuclear state density @ introduced in Chapter 1 by the nuclear level density p because we
neglect the degeneracy of magnetic substates, which contributes very little to the variation of the state density
with excitation energy.
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Figure 9: Experimental level densities of different Yb isotopes measured with the Oslo
method [GutO1]. The excitation energy Egs is measured with respect to the ground state of the
different nuclei.

Pairing correlations lead to a net increase of the binding energy of the nuclear ground state
and of excited states. This increase is named condensation energy. It is due to the residual
interactions, which cause transitions between different single-particle configurations that
preserve the total angular momentum and the parity of the nucleus. A single nucleon cannot
participate in the pairing correlations, and, in addition, it blocks one of the levels, which is not
available for the paired nucleons scattered by the pairing correlations. When the nucleus is
excited, the energy gain by pairing correlations is gradually reduced and eventually disappears
at the critical excitation energy. The reason is that with increasing excitation energy, more and
more pairs are broken (quasi-particles are excited), and the two nucleons of a broken pair do
not participate in the pairing correlations and block two additional levels. Empirical
information on the critical energy has been extracted from the analysis of fission probabilities
[Ign75] and of the fission angular anisotropy in low-energy fission [Ign82], where values
around 10 MeV have been deduced.

The nuclear level density is also affected by shell effects and collective enhancement due to
the vibrations and rotations built on top of the ground state and each single-particle state (see
Chapter 2). Both effects vanish at high excitation energies. Therefore, at sufficiently high
excitation energies, the nuclear level density is expected to follow the Fermi-gas level density
formula, derived by Bethe [Bet36] assuming that the nucleus behaves like a gas of non
interacting fermions with equidistant single-particle levels around the Fermi energy.

Given the limited experimental information on level densities, one is obliged to use model
predictions or semi-empirical analytical formulas. We have made an effort to use in our model
level densities that are consistent with the experimental observations and with our present
understanding of nuclear properties. In Article VIII, we investigated the influence of pairing
correlations on the level densities and performed a critical analysis of two empirical
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parameterisations that are widely used in technical applications: The back-shifted Fermi-gas
and the composite Gilbert and Cameron level-density formulas.

The expression for the back-shifted Fermi-gas level density is:

J_ 7 exp(24/aU |

PecU) = RIYED (4)

With U = Eg - 4o and Egs being the excitation energy of the nucleus with respect to its ground
state. Eq. (4) takes its origin from the level density derived by Bethe but includes an energy
shift 4. The parameters 4, and a in eq. (4) are deduced from fits to experimental data. Even if
the back-shifted Fermi-gas formula may appear to give good descriptions for the level
densities of certain nuclei [Tof10], it has several important drawbacks. First of all, the use of
the Fermi-gas formula, which is only valid in the independent-particle picture, in an energy
range where pairing correlations are present is a severe inconsistency. In addition, this
formula does not reflect the expected change in the slope of the level-density curve at the
critical pairing energy. In most formulations of the back-shifted Fermi-gas model, the value of
the energy shift 4, is close to zero for odd-A nuclei, positive for even-even and negative for
odd-odd nuclei. However, 4y has a physical meaning: it accounts for the displacement of the
ground state due to the condensation energy. Therefore, according to the back-shifted Fermi-
gas model, pairing correlations tend to increase the binding energy of even-even nuclei, have
little effect on the binding energy of odd-A nuclei and reduce the binding of odd-odd nuclei.
This is in conflict with observations, which indicate the presence of pairing correlations in
essentially all nuclei (may be with the exception of a few doubly magic nuclei).

The composite Gilbert-Cameron level-density formula [Gil65] is composed of a constant-
temperature formula below a matching energy followed by a Fermi-gas formula with an
energy shift. The constant-temperature part follows the expression:

-E,
pCT (Egs) eXp( ) (5)

where the nuclear temperature T and E, are parameters that serve to adjust the formula to the
experimental data. According to the experimental systematics from ref. [Egi05], T decreases
with the mass of the nucleus as T = 17.45/A**. The matching energies are derived from purely
mathematical arguments to ensure that the slopes and the absolute values of the two functions
are the same. They vary between approximately 5 and 7 MeV. The Gilbert-Cameron formula
has the positive feature that it includes the expected transition from the constant-temperature
to the Fermi-gas regime with increasing energy. However, this transition occurs at energies
given by the matching energies, which are too low, well below the critical pairing energy.
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There exist different parameterisations of the composite Gilbert-Cameron formula. In the one
proposed in RIPL-3 [Cap09], the energy shift of the Fermi-gas description is zero for odd-odd

nuclei, equal to the pairing-gap parameter A (4 ~12/+/A) for odd-mass nuclei and 24 for
even-even nuclei. This means that the binding energy of odd-odd nuclei is not increased by
pairing correlations, thus suggesting that there is no pairing in odd-odd nuclei. Since the first
excited quasi-particle state in even-even nuclei has the same number of unpaired particles as
an odd-odd nucleus in its ground state, one would also expect that pairing disappears at the
first excited quasi-particle state in even-even nuclei. This is again in severe conflict with the
presence of pairing correlations in essentially all nuclei, even at moderate excitation energies,
with the eventual exception of a few doubly magic nuclei.

To cope with these problems, in Article VIII we have proposed a modified version of the
Gilbert-Cameron formula in which we increase the energy shift of the Fermi-gas part by about
2 MeV, i.e. we use an energy shift Acng =4 + 2 MeV. This increased value of the energy shift
leads to a higher matching energy for the transition from the constant temperature to the
Fermi-gas regime that is much closer to the expected value of the critical energy of about 10
MeV. In addition, it leads to an increase of the level density in the Fermi-gas regime of a
factor 50, which is in agreement with the expected effect of collective enhancement. Our
modified composite formula (whose details are given in page 30 of [sch14]) is used in the
GEF code and is essential for obtaining a good reproduction of for example the prompt-
fission neutron spectra [Sch14], which are particularly sensitive to the level densities of the
fragments.

In Fig. 9, we see that the level density of the even-odd Y*Yb is higher than the level density of
the even-even ®2yb nuclei due to the presence of an unpaired neutron in *"*Yh. Strutrinsky
showed [Str58] that if we give an even-even nucleus an extra energy equal to the energy
needed to break a pair of neutrons, it will have the same level density as the corresponding
neighbouring nucleus with an odd number of neutrons. This theoretical expectation has been
confirmed with experimental data in e.g. [Gai91, Gut00]. As discussed in [Gut00], the
experimental level density of the even-odd *"*Yb can be expressed as the level density of the
even-even °Yb or "2Yb nuclei with an energy shift that is equal to the pairing gap parameter
A, i.e. peo=pee(EgstA). This fundamental property of the nuclear level densities of
neighbouring nuclei plays a crucial role in our model.

3.2.1. Level densities of nascent fission fragments

In Article IX we have discussed the adequacy of using the level-density formulae described
above, in a situation before scission where the touching fragments are strongly deformed due
to their mutual Coulomb repulsion. From a macroscopic point of view, the use of ground-state
level-densities at significantly larger deformations is well justified because the level density
parameter a of the Fermi-gas formula and the temperature parameter T of the constant-
temperature formula vary v