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Synthése (en francais)

Les sections efficaces neutroniques des noyaux de courte durée de vie sont des données
cruciales pour la physique fondamentale et appliquée dans des domaines tels que la
physique des réacteurs ou l'astrophysique nucléaire. En général, I'extréme radioactivité
de ces noyaux ne nous permet pas de procéder a des mesures induites par neutrons.
Cependant, il existe une méthode de substitution (« surrogate » dans la littérature)
qui permet de déterminer ces sections efficaces neutroniques par l'intermédiaire de réac-
tions de transfert ou de réactions de diffusion inélastique. Son intérét principal est de
pouvoir utiliser des cibles moins radioactives et ainsi d’accéder a des sections efficaces
neutroniques qui ne pourraient pas étre mesurées directement. La méthode est basée sur
I’hypothese de formation d’un noyau composé et sur le fait que sa désexcitation dépend
essentiellement de 1’énergie d’excitation et du spin et parité de 1'état composé peuplé.
Toutefois, les distributions de moments angulaires et parités peuplés dans des réactions
de transfert et celles induites par neutrons sont susceptibles d’étre différentes. Ce travail
fait I’état de I'art sur la méthode de substitution et sa validité. En général, la méthode
de substitution fonctionne trés bien pour extraire des sections efficaces de fission. Par
contre, la méthode de substitution dédiée a la capture radiative est mise a mal par la
comparaison aux réactions induites par neutrons. Nous avons réalisé une expérience
afin de déterminer les probabilités de desexcitation gamma du '"Lu et du '™Y'b & partir
des réactions de substitution Y b(3He, py)'" Lu* et ™Y b(3He, ay)'™Yb*, respective-
ment, et nous les avons comparées avec les probabilités de capture correspondantes aux
réactions 1™ Lu(n,v) et 'Y b(n,~) qui sont bien connues. Cette expérience a permis de
comprendre pourquoi, dans le cas de la desexcitation gamma, la méthode de substitution
donne des écarts importants par rapport a la réaction neutronique correspondante. Ce
travail apporte donc un éclairage nouveau sur la méthode de substitution.



Synthése (en frangais)

Le chapitre 1 est un panorama théorique des réactions nucléaires induites par noy-
aux légers et de la désexcitation statistique. En particulier, on montre que les réac-
tions de substitution induisent majoritairement la formation d’'un noyau composé tant
que I’énergie d’excitation ne dépasse pas la dizaine de MeV et que donc la méthode
de substitution est a priori applicable dans ce domaine. On détaille ensuite comment
I’approximation Weisskopf-Ewing dérive du formalisme Hauser-Feshbach. La validité de
la méthode est ensuite investiguée a 1’aide de calculs basés sur le modele statistique.
Ces calculs illustrent bien la sensibilité au spin et a la parité du noyau composé de la
désexcitation, en particulier pour ce qui concerne I’émission gamma.

Au travers d’une bibliographie riche, le chapitre 2 est une revue des expériences de
substitution dédiées a la fission et a la capture radiative effectuées a ce jour (fin 2011). La
revue montre aussi, la ou c’est possible, le degré d’accord avec les données des réactions
induites par neutrons. En général, la méthode de substitution fonctionne tres bien pour
extraire des sections efficaces de fission. Par contre, la méthode de substitution dédiée
a la capture radiative est mise a mal par la comparaison aux réactions induites par
neutrons. De récentes expériences montrent que les sections efficaces obtenues peuvent
étre surestimées par un facteur supérieur a 2. La revue pose la problématique du travail
de la these sur la validité des réactions de substitution. Le bilan de la revue justifie
I'expérience ™Y b(3He, 2v) comme test de la méthode de substitution. La réalisation et
I’analyse de cette expérience constituent le coeur de la these.

Le systeme expérimental, décrit au chapitre 3, est complexe : il comprend deux dé-
tecteurs de particules chargées, 4 scintillateurs liquides CgDg et 6 détecteurs Ge. De
facon indépendante, les germaniums sont utilisés pour faire la spectroscopie des noyaux
excités a basse énergie et les scintillateurs CgDg permettent de faire du comptage des
photons jusqu’a des énergies de 1'ordre d'une dizaine de MeV.

La procédure d’analyse est ensuite décrite dans le chapitre 4. L’étalonnage et la
détermination de la résolution des détecteurs sont expliquées, ainsi que la soustraction
du bruit de fond provenant des réactions contaminantes avec le support en carbone. Une
discrimination entre neutrons et photons détectés est réalisée par analyse de la forme du
signal. De plus, la contribution des gammas provenant des noyaux résiduels apres émis-
sions de neutrons est supprimée en fixant artificiellement un seuil de détection gamma
élevé. La partie cruciale de I'analyse est la détermination de l'efficacité de détection
pour un événement de capture. Le principe de détection totale de I’énergie combiné
a des fonctions de pondération permet de déterminer cette quantité indépendamment
des chemins empruntés par les cascades-gamma. Cette technique fréquemment utilisée
dans des expériences neutroniques a n_ToF (CERN) et a GELINA (IRMM) est détaillée
ici de fagon pédagogique. En parallele, nous avons développé une technique originale
basée sur I’hypothese que l'efficacité de détection des cascades-gamma est constante au
voisinage du seuil de séparation neutron S,. La détermination de 'efficacité via cette
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méthode alternative a été validée par comparaison avec 'efficacité déterminée a 1’aide
des fonctions de poids. Cette méthode a 1’avantage d’étre beaucoup plus simple que la
méthode des fonctions de poids. Les probabilités de capture radiative ont été extraites
pour chaque voie de transfert. Enfin, il est important de noter qu’a notre connaissance,
c’est la premiere fois qu'une expérience de substitution associe la détection des gam-
mas avec des détecteurs de type CgDg et germanium. Les deux méthodes donnent des
résultats concordants.

Dans le cas des voies (*He, py) et (*He, ay) ou il existe des mesures pour les noyaux
équivalents formés par les réactions (n, ), les probabilités de desexcitation gamma sont
surestimées d’un facteur 3 a 10, confirmant ainsi les écarts déja révélés dans des expéri-
ences antérieures. Dans la mesure ou les spins transférés sont tres difficiles a calculer
de maniere fiable, le chapitre 5 présente une méthode permettant d’avoir des informa-
tions sur les distributions de spins des noyaux formés dans les réactions de transfert. La
méthode est basée sur la tres forte sensibilité en spin de la désexcitation par émission
gamma. En combinant un modele pour la distribution de spin et des calculs TALYS pour
les rapports d’embranchement, un fit de la probabilité d’émission gamma expérimentale
permet de déduire la distributions de spin du noyau composé.

La conclusion fondamentale de cette étude est donnée dans la discussion du chapitre
6. La différence en spin des noyaux formés par réactions de substitution, par rapport
a la réaction induite par neutrons, défavorise I’émission de neutrons. Par conséquent,
la compétition renforce I’émission gamma, ce qui explique pourquoi les probabilités
expérimentales de capture radiative sont surestimées dans la méthode de substitution.
Ce travail dans la région de terres rares est extrémement utile pour évaluer dans quelle
mesure la méthode de substitution peut s’appliquer pour extraire des probabilités de
capture dans la région des actinides. Des expériences précédentes sur la fission et la
capture ont aussi pu étre réinterprétées.

Pour conclure, le chapitre 7 décrit les perspectives (a court, moyen et long terme) en
relation avec la méthode de substitution.
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Introduction

Data needs

The interaction of neutrons with nuclei is a topic of great importance in many areas:
fundamental nuclear physics, nuclear astrophysics and many nuclear applications, such
as nuclear reactors. For all these applications, cross sections for particular reactions
must be known, often accurately. Measured data are afterwards used to provide reliable
evaluations.

Nuclear reactors

Current nuclear reactors produce two kinds of waste which are extremely problematic:
some fission products whose half-lives often reach million of years and heavy nuclei,
i.e minor actinides. The latter are mainly Np, Am and C'm isotopes. Some of the
minor actinides are highly radiotoxic like 2*2C'm and others have long half-lifes like
BT Np. In France, it is envisaged to glaze these wastes and stock them in deep geological
site. Nevertheless, the possibility of incinerating (i.e. transmuting by fission into less
radiotoxic species) is also explored. Incineration was defined as an important research
topic by the so-called «Bataille» law of December 30th 1991 (law relative to the research
on radioactive waste management). This research topic was reinforced by the law of June
28th 2006.

More precisely, incineration consists of using a fast neutron flux produced in a reactor
to destroy the minor actinides by making them fission. The advantage of fission is that it
leads mainly to short-lived fission products whose radioactivity is easier to manage than
the one of the original actinide. In addition, the fission reaction produces additional
neutrons that can be use to incinerate other waste or feed the chain reaction. When
a heavy nucleus is bombarded with neutrons of less than few MeV energy, radiative
capture and neutron emission compete with fission. For the incineration to be effective,
neutron capture needs to be minimized since it leads to heavier and heavier actinides
which are potentially more radioactive.
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For this reason, in reactor physics one defines the « ratio:

o = Ucapture (01)
O fission
This ratio reflects the incineration power. This parameter is essential in the demon-
stration of the transmutation capacities of fast reactors or, presumably, of future Accelerator-
Driven Systems ([Salvatores 06]). Table 0.1 shows why the fast-neutron spectrum is

best-suited for minor-actinide incineration.

«Thermal» reactor «Fast» reactor
PWR SFR
ISOtOPeS Ufission/b Ucapture/b a inssion/b Ucapture/b a
BTNp 0.52 33 63 0.32 1.7 5.3
2 Am 1.1 110 100 0.27 2 7.4
23 Am 0.44 49 111 0.21 1.8 8.6
220m 1.14 4.5 3.9 0.58 1.0 1.7
30m 88 14 0.16 7.2 1.0 0.14
HCOm 1.0 16 16 0.42 0.6 1.4

Table 0.1: Mean evaluated fission o ssi0n and radiative capture ocqprure cross sections,
and the ratio « for several isotopes ([Varaine 06]).

Defining the feasibility of incineration requires high-quality fission and capture cross
sections (5% is the required uncertainty) of minor actinides. Figure 0.1 illustrates the
case of the three more important minor actinides. Fission cross sections are known
with an error of 8% for " Np(n, f) and 10% for ! Am(n, f) and evaluations are in
good agreement for these two nuclei. However, the data for 24*C'm(n, f) suffer from big
uncertainties (~45%) that lead to large differences between the evaluations. Concerning
radiative capture, except for 2" Np, no data are available for 24! Am and ?*Cm. As a
consequence, the available evaluations may disagree by an order of magnitude.

The development of innovative systems and concepts, like the ADS MYRRHA and
the GEN-IV reactor ASTRID, relies on accurate and consistent neutron cross-sections.
In the context of the NEA Nuclear Data High Priority Request List (HPRL), a demand
has been developed for improving neutron cross-section data of minor actinides in the
fast energy range.
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Figure 0.1: Neutron-induced fission and capture cross sections of key minor actinides.
Experimental data (NNDC-EXFOR) are compared with available interna-
tional libraries in the energy range [0.1;20] MeV. The half-lives for 23" Np,
241 Am and 2#*CO'm are 2144000 years , 432.2 years, 18.10 years, respectively.
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Astrophysics

Neutron-induced reactions on short-lived nuclei are also important for understanding
astrophysical phenomena and the origin of the elements. Among all the modes of stellar
synthesis, the s and r processes produce almost all heavy elements and are directly
linked to stellar evolution. In fact, the nuclei beyond iron are produced by a sequence
of neutron capture reactions and subsequent (-decays.

o The s-process is the process of neutron capture with the emission of gamma
radiation (n, ) which takes place on a long time-scale, ranging from 100 years to
10° years for each neutron capture. If the neutron flux is weak, unstable nuclei can
decay before they have the possibility to capture another neutron, and the neutron
capture chain proceeds rather close to the valley of -stability. This slow (s) mode
of synthesis is responsible for the production of the majority of the isotopes in the
range 23 < A < 46, and for a considerable proportion of the isotopes in the range
63 < A < 2009.

o The r-process is the process of neutron capture on a very short time-scale, ~
0.01 — 10 sec for the § decay processes interspersed between the neutron captures.
The neutron captures occur at a rapid (r) rate compared to the § decays. That is
why the r-process path approaches the neutron drip-line. This mode of synthesis is
responsible for production of a large number of isotopes in the range 70 < A < 209,
and also for the synthesis of uranium and thorium.

Figure 0.2 shows the different stellar mode paths with a special emphasis in the rare-
earth region. Abundance patterns are predicted by models, which require neutron-
induced cross sections as inputs ([Burbidge 57]). The cross sections of the key isotopes
for the s-process should be determined with uncertainties of ~ 1%. This goal has been
reached for several stable nuclei but enhanced efforts should be directed to measurements
on unstable nuclei, as the important branching points Se, 8 Kr, 7 Pm, 151.Sm, 193 Ho,
10T Py, 19T g, 24T and 2® Pb ([Kappeler 06]). These nuclei have the particularity
to have a long enough life time to allow the reaction path to proceed by either neutron
capture or (§ decay.
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Neutron-induced cross section measurements

Experimentally, the usual method to determine neutron-induced cross sections involves
putting a target under a neutron flux and measuring the quantities which compose the

following equation:
Nreac

0.2
q)n (En) 'Ntarget -At-edet ( )

o(E,,reac) =

where:

. g{ig;t is the total number of detected reactions N,.,. within a time At corrected

for the detection efficiency €g;.
e Nigrget is the number of nuclei in the target.

o ®,(FE,) is the neutron flux (s7'em™2) at an energy FE, which impinges on the
target.

The neutron flux is probably the most difficult quantity to determine in neutron-induced
experiments. Since the neutron does not ionize matter, it is detected via secondary
reactions that emit a charged particle or photons, which are easier to detect. A well-
known reference cross section is usually used to infer the neutron flux. At the CENBG,
the elastic scattering (n,p) cross section is used as reference. Note that this reaction
presents the particularity to be very well known with a precision of 0.5% over a large
energy range of energy. More details can be found in [Kessedjian 08].

For short-lived nuclei, measurements are very complicated because of the high ra-
dioactivity of the target. The following problems are encountered:

» Radioactive targets are very difficult to manipulate. Radioactivity obstructs the
fabrication of targets and the purity of the target is difficult to obtain. Only few
specialized laboratories are able to prepare such targets.

o The radioactivity of the target must be lower than the upper activity limit autho-
rized in the experimental area. For very short-lived nuclei, the quantity of matter
that can be used is extremely small. For instance, the specific activity of a 233 Pa
sample is about 0,8.10° Bg.ug™!. Consequently measurements may need a very

long time since usually neutron fluxes are very small.

o Neutron-rich short-lived nuclei may have a high « activity and sometimes decay by
spontaneous fission. This activity is responsible for an important background that
mixes up with the signals of interest. Also for very radioactive targets one needs
to correct for the variation of Nygrger With time and the reactions on the daughter
nuclei.



An alternative way to deduce neutron-induced cross sections: the surrogate method

To overcome these difficulties, an alternative method was proposed by J.D.Cramer and
H.C.Britt ([Cramer 70b]) in the seventies.

Neutron-induced react! Surrogate reaction

.~° ‘&o—

F"”'oy 3} Neutron

g,
. : % Capture
-S'x “»

Figure 0.3: Schematic representation of the surrogate reaction method. The surrogate
reaction is here a transfer reaction X (y,w)Ax. Three possible exit channels
(fission, capture and neutron emission) are also represented.

The left part of figure 0.3 illustrates a neutron-induced reaction on target A—1, which
leads to the compound-nucleus A at an excitation energy E*. The nucleus A* can decay
through different exit channels: fission, gamma-decay, neutron emission, etc... On the
right part of figure 0.3, in the surrogate reaction method, the same compound-nucleus
A* is produced by a transfer reaction between a projectile y (a light charged particle)
and a target X. The transfer reaction (y+ X — A+ w) leads to a heavy recoil nucleus
Ax and an ejectile w. The identification of the ejectile permits to determine the mass A
and charge 7Z of the decaying nucleus. In addition, we can deduce the excitation energy
E* of the compound-nucleus A by measuring the kinetic energy and the emission angle
of the ejectile w. The measurement of the number of coincidences between the ejectiles
and the decay products normalised to the total number of detected ejectiles allows one
to extract the decay probability Pd’i;zp for the corresponding decay channel. According
to the surrogate reaction method in its standard form, the neutron-induced cross section
for the nucleus A — 1 can be deduced from the product of the calculated compound-
nucleus cross section formation after neutron absorption ¢, and the experimental decay
probability P

decay *

decay(En) = 0¢n(Bn)-Picta (E7) (0.3)

Udecay decay

Usually, 04y (E,) is obtained from optical model calculations. The relation between
incident neutron energy F, and excitation energy E* of the compound-nucleus A can
be written as:

A1
= Sy + ——E, (0.4)

where S5, is the one-neutron separation energy in the nucleus A. The interest of this
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method is that in some cases the target X is stable or less radioactive than the target
A — 1. Therefore, the surrogate reaction method enables cross sections to be extracted
for nuclear reactions on short-lived nuclei that otherwise can not be measured.

Equation 0.3 is based on the hypothesis that the excited nucleus is a compound-
nucleus whose decay is independent of the formation. In the following sections, we will
discuss whether this hypothesis is fulfilled in our measurements. In addition, a signif-
icant uncertainty in the use of the surrogate reaction method lies in the spin J and
parity I population differences between the compound-nuclei produced in the neutron-
and transfer-induced reactions. Since the decay probability strongly depends on JII,
the spin-parity mismatch can lead to important deviations between the neutron-induced
results and the ones obtained with the surrogate method. Previous experiments have
tested the surrogate reaction method to infer fission cross sections in the actinide re-
gion and have shown a good agreement between neutron-induced and surrogate cross
sections, even at low neutron energies. However, it is not yet clear to what extent the
surrogate method can be applied to infer radiative capture cross sections (n, ). To help
answer this question, in this work we study the transfer reactions ‘™Y b(®He, py)*" Lu
and 'Y b(3He,* Hey)'™YD as surrogates for the well-known '™ Lu(n,v) and 'Y b(n, )
reactions, respectively. We will show that, even though this work concerns rare-earth
nuclei, it has important consequences for the application of the surrogate method in the
actinide region.

Outline of this work

This work is organised in the following way: in chapter 1, the theoretical aspects related
to the surrogate method will be introduced. The validity of the surrogate method will
be investigated by means of statistical model calculations. In chapter 2, a review on
experiments based on the surrogate method will be presented. Our experimental set-
up will be described in chapter 3. In chapter 4, the data analysis will be detailed with
special emphasis on the determination of the y-cascade detection efficiency. In chapter 5,
we will compare our results with existing neutron-induced data and TALYS calculations
and infer the angular momentum distribution populated in the transfer reactions used.
In chapter 6, the consequences of our study for the application of the surrogate method
will be discussed and finally, in chapter 7, we will present briefly our perspectives for
the surrogate technique.
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Chapter 1

Theoretical aspects

1.1 Reaction mechanisms

1.1.1 Overview

Nuclear reactions can occur via different mechanisms. E. Weisskopf presented a simple
conceptual model ([Weisskopf 57]), as illustrated in figure 1.1:

—> FISSION

1 1
1 1
DIRECT STAGE : PRE-COMPOUND STAGE : COMPOUND STAGE
1 1
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} - ELASTIC SCATTERING
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' | \\ |
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| |
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time } / / }
102 / / 107
Figure 1.1: Conceptual view of the stages of a nuclear reaction.

When a nucleus is bombarded with a particle, different processes may occur. The
particle may be elastic scattered and the sum of the kinetic energies of the reaction
partners stays constant. However, the particle can also transfer a part of its energy
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Chapter 1 Theoretical aspects

to the nucleus leading to a single particle excitation or to the excitation of a collective
motion in the nucleus, where a vibrational or rotational state is excited. The projectile
may also be captured in the potential well of the nucleus and excite a single particle state
with a unbound nucleon that leaves the nucleus. These three «direct» processes occur
in a time that corresponds to the time that a nucleon needs to traverse the nucleus, i.e.
107 s ([Austern 70]). However, the excitation energy may be distributed among all
the nucleons through a complicated mechanism and a particular equilibrium state can
be reached where all the possible states of the nucleus (single particle and collective)
at a given E* are equally probable. This type of reaction is called compound-nucleus
(CN) reaction ([Bohr 36]). This reaction mechanism is much longer (107 - 10718 )
than a direct reaction. The equilibration process that leads to a compound-nucleus can
be imagined to proceed as shown in Fig. 1.2 ([Griffin 66]).

m
@ 00

To

Compound
Nucleus

@00000000 ©

|
|
|

1p-Oh 2p-1h 3p-2h 4p-3h

Figure 1.2: Intermediate stages on the way to the formation of a compound-nucleus.

After entering the target nucleus, the incident particle interacts with one of the con-
stituent nucleons leading to successive two-body single-particle interactions, starting
from the entrance channel 1p-Oh state (one-particle-zero-hole), we distinguish three dif-
ferent stages:

o The direct reaction occurs if a particle is emitted directly after the first stage of
Fig. 1.2. In the case where the projectile interacts with the nuclear mean field of
the nucleus and then suffers a change in direction but no loss in energy, this direct
reaction mechanism is called potential or shape elastic scattering.

o The nuclear reaction proceeds with the formation of intermediate states (2p-1h,
3p-2h, bp-4h,...). At each stage, particle emission may be possible: it is called pre-
equilibrium (or pre-compound) emission. The pre-equilibrium is not described
in this work. For a detailed presentation, we refer to Refs. [Feshbach 74] and
[Adhikari 86].
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1.1 Reaction mechanisms

o The succession of more complex p—h interactions leads ultimately to the formation
of a compound-nucleus, which can then decay by particle emission.

Unfortunately, it is not possible to measure the time of emission of particles after a nu-
clear reaction with sufficient precision to identify whether the reaction proceeds through
a compound-nucleus or not. In the following, we will discuss several possibilities to
distinguish experimentally between CN and direct reactions.

1.1.2 Angular distribution

The angular distribution of an emitted particle can help extracting information on the
reaction mechanism. For instance, figure 1.3 shows the angular distribution of the neu-
trons emitted in the reaction #Y (n,n) ([Towle 69]). For direct reactions (shape elastic),
the particle emission is preferentially forward-peaked, whereas it is symmetrical about
90° for compound reactions, which characterize an evaporation process.

10060t

Shape elastic +

T 500 compsund elastic
z
E
o 200}
- *
ERN
100t -
50 A .
08 0l 0 -0.4 -08
cos 8

Figure 1.3: Calculated differential cross section and experimental data for the elastic
scattering of 2.35 MeV neutrons by %Y ([Towle 69]).
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1.1.3 Particle emission spectrum

The neutron emission spectrum of figure 1.4 shows nicely the contributions from the
different reaction mechanisms. The discrete peaks at high energies correspond to the
excitation of low-energy states of the residual nucleus, mainly populated by the direct
reaction mechanism. The low-energy part of the spectrum is dominated by a smooth
Maxwellian distribution corresponding to an evaporation process. When the excitation
energy of the residual nucleus rises, the energy of scattered neutrons becomes weaker
and the level density is so high that the observed distribution is continuous. The part
between these two extreme regions corresponds to pre-equilibrium reactions.

5 Evaporation Process Direct

c (Compound Nucleus) Pre-equilibrium Reaction

2

9

o

e
2
+~
17
o
[y
[\J)
Q
o
<
(%)

Isolated
Doorway States

)

k

Energy of the emitted particle E

Figure 1.4: Schematic energy spectrum of particles emitted in a (n,n’) reaction.

1.1.4 Beam energy

The importance of a particular nuclear reaction mechanism depends on the incident
energy. In the following, we are interested in the direct and compound contributions
to the (n,n’) and (n, ) reactions. Direct inelastic contributions are known to become
predominant at high neutron energies while direct radiative capture (also called valence
capture) reactions may occur in the thermal and resonance regions (at low neutron ener-
gies En < 10 keV) where an incident neutron may be captured directly in an unoccupied
bound state ([Raman 88],[Borella 05]). For intermediate to heavy nuclei far from closed
shells, neutrons are generally captured into a region of high density with overlapping
states and for this reason, valence capture is expected to be improbable. Figure 1.5
shows the direct and compound contributions in the'™ Lu(n,n’) and '™ Lu(n,~) reac-
tions as calculated with TALY'S ([Koning 00]). Valence capture is found to be negligible.
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1.1 Reaction mechanisms

The direct inelastic contribution increases with incident energy but it never represents
more than 10% of the compound inelastic contribution in the energy range considered.
This is reinforced by a study performed by Wilenzick et al. ([Wilenzick 65]) where the
elastic and inelastic scattering of 6 MeV neutrons for seven heavy nuclei were measured.
The observed angular distributions and cross sections were consistent with a 10+5 %
direct contribution to the inelastic scattering. This clearly indicates that the compound-
nucleus mechanism prevails up to incident neutron energies of several MeV.
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Figure 1.5: Direct and compound contributions in the'™ Lu(n, n’) and '™ Lu(n, v) reac-
tions as calculated by TALYS.

Above a limit that depends on the nucleus considered, direct and pre-equilibrium
reactions will become predominant compared to compound reactions. At high excitation
energies, a particularity of the radiative capture is the predominance of the Giant Dipole
Resonance (GDR). The GDR corresponds to the collective oscillation of protons against
neutrons. The concept of collective excitations in nuclei is fully detailed in [Chomaz 97]
and [Santonocito 06]. The importance of the GDR can be intuitively seen in the following
way: the oscillation of a proton within a nucleus can be assimilated to an antenna. The
electric field created by the antenna is proportional to the current. Therefore, the
electromagnetic field is much larger when all the protons oscillate, as is the case of the
GDR. At low excitation energies, the GDR preferentially dumps to a compound-nucleus.
At higher energies, the incident neutron can excite the GDR and then be captured into a
bound state. In this case, the decay occurs before the formation of a compound-nucleus.
This pre-equilibrium-like mechanism is called «semi-direct» in the literature. Therefore,
the Direct-Semi-Direct (DSD) calculations account for both valence capture and semi-
direct radiative capture. By comparing DSD calculations with experimental radiative
capture cross sections for several nuclei, one can see that the compound-nucleus model
accounts reasonably well for the observed cross sections for neutron energies below ~4
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MeV, whereas for incident neutron energies above ~7 MeV, the capture process is well
described by the direct-semi-direct (DSD) mechanism. For example, in [Lindholm 80],
S. Joly et al. measured ~-ray spectra at neutron energies between 0.5 and 11 MeV from
the radiative capture of neutrons in calcium, nickel, yttrium and lead. Figure 1.6 shows
the comparison between measured cross sections for 2% Pb(n, ) with predictions of the
DSD and statistical models. A similar work was recently done by L. Bonneau et al.
([Bonneau 07]) to study the 2% Pb(n,~) and ?**U(n,~) reactions.
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Figure 1.6: Cross sections for capture to the p;/; ground state (left), the fs5,, and
P32 (middle) and gg/o (right) excited states in 2°Pb(n,~)*7Pb. The CN
and direct/semi-direct contributions are compared with experimental data.
[Lindholm 80]
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1.2 The compound-nucleus

1.2 The compound-nucleus

In this work, we will consider neutron-induced reactions for energies below 4 MeV. It
is therefore reasonable to assume the formation of a compound-nucleus (see figure 1.7).
As has been said before, in a compound-nucleus, all the possible configurations (quasi-
particle or collective states) of the excited nucleus at given excitation energy E*, spin J
and parity II are equiprobable. This involves:

 that the compound-nucleus has fully forgotten the memory of the entrance channel.
This leads to an uncoupling between the formation and the decay of the compound-
nucleus (this is the Bohr hypothesis, described in Ref. [Bohr 36]).

« that the compound-nucleus decay can be described statistically (see Ref. [Weisskopf 37]).

[ ] h A
neutron X . .
' Neutron-induced reaction
Target

Thermalization of
the residual nucleus

+IX* Decay of the
compound nucleus
f

/N

Y
Figure 1.7: Desired neutron-induced reaction n +4 X —A4+! X* that leads to the
compound-nucleus 4+ X*

A
n

As a consequence, the compound-nucleus reaction can be described in two independent
steps: the formation of the compound-nucleus and its decay. By conserving rigorously
the total angular momentum and the parity, the neutron-induced cross section for a
given decay channel x can be written in the Hauser-Feshbach formalism ([Hauser 52])

as:
O.T%X(E") :ZagN(E*7J7H)05N<E*7J?H) (11)
JII

where:
o 0., (E,) is the neutron-induced cross section for the reaction 4X (n, ).

o JII is the spin and parity of the compound-nucleus.
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o 0%V is the compound-nucleus 41 X* formation cross section in the {E*,J, 1}

state.

. GgN(E*, J,11) is the branching ratio of the compound state { E*, J, I} associated
to the desired exit channel y. Note that, at the neutron energies considered here,
three exit channels y can be observed: fission, radiative capture and neutron
emission.

o FE* is the excitation energy of the compound-nucleus, that is related to the incident
neutron energy F, via the neutron separation energy S,, of the compound-nucleus:

A
t = —_— 1.2
E Sn+A+1En (1.2)

Nomenclature used to described a compound-nucleus reaction

One considers here the compound nuclear reaction 4 X (n, b)Y, defined as follows:

n + AX — MX* — Y + b
i I J J 7
' ' (1.3)
J=i+1 (CN) F=i4T

where the projectile (a neutron n) and the target nucleus X form a compound-nucleus
A+1X* with a spin J and a parity II at an excitation energy E*. One considers a target
nucleus 4 X with spin I and parity 7;. The incident neutron has an intrinsic spin i = %h

and parity 7;. The total angular momentum transferred by the neutron is j =i+ [
where [ is the orbital angular momentum of the neutron. Consequently, this leads to:

J=T+i+1 (1.4)
The angular momentum conservation in the entrance channel implies:
| J-T|<j<J+I (1.5)
and

| j—i|<I<j+i (1.6)

The parity of the compound-nucleus is governed by the following equation:

II = (—1)l7T]7Ti (17)

The outgoing channel is represented with primed symbols, where the residual nucleus
after decay has a spin J’' and a parity II'. The angular momentum conservation in the
outgoing channel is given by eqs. 1.5 and 1.6 but with primed symbols.
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1.3 Optical model and compound-nucleus formation cross section

In the following two sections, we are interested in the modelling neutron-induced reac-
tions. We have used the nuclear reaction program TALYS ([Koning 00]). Chapters 1.3
and 1.4 are dedicated to the general description of the quantities appearing in eq. 1.1
with special emphasis on the methodology used in TALYS.

1.3 Optical model and compound-nucleus formation
cross section

1.3.1 Optical model calculations

The compound-nucleus formation cross section o<V is usually deduced from optical

model calculations. The framework of the optical model is detailed in appendix A. The
elastic scattering matrix elements S; are obtained from the solution of the Schrodinger
equation (appendix A.1) using a complex optical potential (appendix A.3). A S;-value
gives the probability for the scattering of an incoming neutron with a given orbital
angular momentum /. Note that S; is the identity matrix if the particles do not interact
between each other. Once the S-matrix is known, the total, shape elastic (appendix
A.2) and reaction cross sections are:

2r &
Ototal = ﬁ Z(2l + 1)<1 — Re [SID (18)

l_

T & 5

k z=0

Oreaction = %Z 21 +1 1_ | Sl ’ ) (110)
1=0

where £ = VZ:E is the wave number, p is the reduced mass (u = L}FL = 7721::732) of

the projectile-target system and E is the system energy in the center of mass. The total
cross section oy is the sum of ogp (optical model scattering) and 0, eqction (Optical
model absorption). The transmission coefficients 7; are determined from the elastic
scattering matrix elements S; as:

Ty=1-15 (1.11)

A Tj-value gives the probability for the absorption (non-scattering) of an incoming
neutron with a given orbital angular momentum /. In general, the reaction cross section
Oreaction, Which corresponds to the loss of flux from the elastic channel, is calculated from
the transmission coefficients 1; as:
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P
Oreaction — ﬁ g(Ql + 1)7-2 (112)

The term «reaction» corresponds to the absorption of the flux by the long-lived
compound-nucleus states. The compound-nucleus reaction cross section ooy is obtained
by subtracting the pre-equilibrium component opg (via the exciton-model [Obloinsky 87]
or the Feshbach-Koonin-Kermin-model [Feshbach 80]) and the direct inelastic contribu-
tions opwpa (see appendix A.4) from the reaction cross section:

OCN = Oreaction — ODWBA — OPE (1.13)

As mentioned before, we assume that direct and pre-equilibrium contributions are neg-
ligible. Consequently, the compound-nucleus formation cross section is equal to the
reaction cross section. Note that it is usual to distinguish between the compound elastic
ocp and the compound inelastic o¢c; components. To summarize, figure 1.8 gives all
components of the total cross section.

o.total
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reaction
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Figure 1.8: Components of the total cross section.
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Figure 1.9: Coupling of nuclear models for the complete description of a neutron-induced
reaction.

The optical model provides the transmission coefficients, DWBA cross sections (direct
inelastic contributions), total and elastic cross sections that lead to the compound-
nucleus reaction cross section and predict the angular momentum distribution populated
in the reaction. This defines the initial conditions (A,Z,E*,J™) of the statistical model
which governs the decay of the compound-nucleus (fission o f;ssion, radiative capture o,
inelastic neutron emission o,, and compound elastic o¢cp , etc...). Figure 1.9 shows how
the statistical model is linked to the optical model.

1.3.2 Compound-nucleus formation cross section

In the following, we explain our derivation of the quantity ¢SV (E*, J,II). In practice,
the optical model calculates the transmission coefficients le which are related to a given
channel spin j. For completeness, we recall that j = ;—H_: where ¢ and [ are the spin and
the orbital angular momentum of the incoming neutron. Therefore the possible values
for jare j =1+ % Using the formalism of equation 1.3, one proceeds in two steps :

— — —
« coupling of ¢ and [ to form the channel spin j .
— - .
o coupling of j and I to get the compound-nucleus spin J.

The z axis has been taken as quantification axis along the direction of the incident beam
and the z component of ¢ is m;. The z component of [ is zero. Consequently m; = m;.
Note that each spin-value i generates (2i + 1) different values of m. Since the incident
beam is unpolarized, the two neutron sub-states (m; = :I:%) are equally probable. Then
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the coupling between the states |im;) and |lm;) to form the projectile in the states |jm;)
can be expanded with the use of the completeness relation:

lgmy) =Y |imglmy) (lmymyi|jm;) (1.14)

m; my
where the projectile sub-states are explicitly defined. Note that the expansion coef-
ficients Cj,7, . = (lmymyi|jm;) are the Clebsch-Gordan coefficients. The probability
to find the neutron in the |jm;) states by coupling the states |lm;) and |im;) is given
by the square of the Clebsch-Gordan coefficients (Imym;i|jm;)? . By using eq. ?7?, the

compound-nucleus formation cross section for neutrons in the state |jm;) is given by:

sox(immi) = £ (QI+1)  TY(E) O I
i ) ) (1.15)
degeneracy transmission coupling
term coef ficient  Clebsch — Gordan

Let us consider now the production of the compound-nucleus in the state |JMII)
by coupling the latter neutron states |jm;m;) with the target nucleus states |Im;my).
Similarly, the probability that the incident particle and target nucleus will combine
to form compound-nucleus of spin J is given via the square of the Clebsch-Gordan
coefficients (jm;mI|JM)? with M = m; + myand | j — I |< J <| j + I |. The cross
section for the compound-nucleus formation oy (E*, J, M, II) in a single compound state
described by |JMII) can be written as :

T 1
E*,J M, TI) = = .
oon(E7J, M) = 4 (2i + 1)(2] + 1)

> @+ 18 (mmr, (~DLT) ST E) Y | Gl PG P (116)
l J m; mr
where § (m, w7, (=1 H) = 1if mm;(—1)" = II and 0 otherwise. This term is required
in order to take into account the conservation of spin and parity. Finally, the compound-
nucleus A1 X* formation cross section in the {E*, J, 1T} state is given by:

+J
O'CN(E*,J,H): Z OCN(E*,J,M,H) (117)

M=—J
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1.4 Decay of the compound-nucleus

1.4 Decay of the compound-nucleus

1.4.1 Resonance and continuum energy ranges

The compound-nucleus 4*'X* is produced in different excited states. For low excita-
tion energies, the states are discretized and neutron-induced reaction cross sections are
characterized by resonance structures. As illustrated in figure 1.10, the resonances are
well separated and the average distance between them (the level distance D) is large
compared to their natural decay width I' and the instrumental resolution A,. In this
range of energy, the dependence of the resonance cross-section on the beam energy is
given by the Breit-Wigner formula:

SN
T k2(E—E,)?+T12/4

o(E) (1.18)

where FE is the incident energy and E, is the excitation energy of the resonant state.
As the energy increases, the level distance decreases and the total natural line width
increases. Although at intermediate energies the resonance structure still exists (I' <
D), the resonance structure can no longer be resolved due to the limited instrumental
resolution A,.. Therefore, one distinguishes between the resolved resonance region (RRR),
for which D > A,, and the unresolved resonance region (URR), for which D < A,.
At higher energies the level distance is smaller than the line width (D < I') and the
resonance structure disappears. Therefore, the states are represented by a continuous
energy distribution that corresponds to the continuum region.

1.4.2 Level-density and spin distribution

The continuum is described by the nuclear level density Q(E, J,II) that corresponds to
the number of nuclear levels per MeV at an excitation energy FE, for a certain spin J
and parity II. The total level density Qy(FE) corresponds to the total number of levels
per MeV at F, and is obtained by summing the level density over spin and parity:

QW(E) =Y Y QE, J,10) (1.19)

We obtain the total state density wy(E) by including the (2J + 1) magnetic substates
for each level:

wo(E) =Y (27 + 1)Q(E, J,1I) (1.20)
J T
Actually, the nuclear level density Q(E, J,II) is usually factorized as:

Q(E, J,1T) = P(E, J,11).R(E, J).Q(E) (1.21)
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GS

C

Compound Nucleus

Figure 1.10: Resonance and continuum energy ranges in a neutron induced reaction.
Resonance parameters are given for I' < D.
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1.4 Decay of the compound-nucleus

where P(FE, J,II) is the parity distribution and R(F,J) is the spin distribution. In
TALYS, parity equipartition is assumed, i.e.

P(E, J,TT) = ; (1.22)

The spin distribution is given by:

R(E,J) =

21 [_W] (1.23)

2 27T0-gutoff ‘ 2O-EUt0ff

where oy10f¢ is the spin cut-off parameter for the considered nucleus at energy £. The
spin cut-off parameter characterises the spin dependence of the level density. Typical
values for ocufr are 5-6 h in the rare-earth and actinide regions. The choice of a
realistic total level density Qo(E) is of crucial importance. In TALYS, the Gilbert-
Cameron model ([Gilbert 65]) is used where a constant nuclear temperature function

models the low-energy part:
1 (E — Ep)

QST(E) = i

where Ey and T are free parameters determined by fitting experimental data. The
high-energy dependence is predicted by the back-shifted Fermi-gas model:

QF¢(EB) = 12&1/4(2?/7_: E0)5/46xp(2\/a(E — Ey)) (1.25)

where a is the level-density parameter ([Ignatyuk 75]). Note that the link between
the parameters of both models is made by imposing the continuity of level density as
illustrated schematically in figure 1.11.

(1.24)

N

105} Constant

temperature
104-

103} Discrete levels
(spectroscopy)

[y

o
1~
T

1 | | | | | } } >
0 1 2 3 4 5 6 7 E* (MeV)

Figure 1.11: Description of the level density as function of excitation energy.
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1.4.3 Decay probability

The total decay width I';,; describes the decay of the compound-nucleus and is related

to the mean lifetime 7(E*):

h
Lot (E*) = 1.26
t t( ) 7_( E*) ( )
['p¢ is h times the rate of disintegration per unit time. Since the compound-nucleus
can decay into several channels, one can define the partial decay width I, as:

Liot(E7) = ZFX(E*> (1.27)

where I'y, is referred to a specific decay channel x. The decay probability can be
expressed in terms of the partial decay widths as:
I (EY)
P (E*) = X~ 1.28
X( ) Ftot<E*> ( )
It exists an important connection between the partial widths and the transmission
coefficients. For the decay y of the compound-nucleus in a given state { E*, J, I1}:

<T (E* J H) > J+I' g+ , .
s = 2 2 2 T (BT = ENS(ILIT, (1)) = TI(ET)
< D0<E*7 ‘]7 H) > j/=‘J71/| l/=|j/7i/‘ B X X
(1.29)

where < Dy(E*, J,II) > is the average spacing of the compound-nucleus levels {.J, II}
at energy E* and the §(II,II', (—1)") function conserves the parity. In this case, the
transmission coefficients 7% denote transition probabilities to final states {E’, J', I1I'} of
the residual nucleus Y. That is why the transmission coefficients are evaluated at an
energy (E* — E') for the outgoing particle. According to eqs. 1.5 and 1.6, the double
summation takes into account all possible ways to compose ]T; from J+.J' and all possible
ways to compose U/ from ]'7 + 4. For practical reasons, we have introduced in eq. 1.29 a
transmission coefficient TXJ (E*) which corresponds to the probability for the compound-
nucleus in the state {E*, J, 11} to decay through the channel x. This allows us to use
the transmission coefficients T/ obtained in optical model calculations to determine the
branching ratios G, (£, J,1I) of the compound-nucleus. Then, equations 1.28 and 1.29
yield:

E* J 1) = 1.
OB ) = om gy T () + T E) (1.30)

However, the transmission coefficients T;g I(E*) correspond to all energetically possible
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1.4 Decay of the compound-nucleus

quantum states, namely thousands of final states! Because it is not possible to deal with
every state, the idea is to take separately into account the discrete final levels of the
residual nucleus with excitation energies E, and to introduce an effective transmission
coefficient for continuum final levels by using known level densities €:

<T5<]H(E*) > = ZiT;gn + fE,>Ed Q(E, J,H)T){HdE’
N2 I3
1.31
discrete continuum (1.31)
levels levels

The first summation runs over all discrete states and E; marks the beginning of the
continuum. Equation 1.30 becomes:

JII *
<TyH(E") >

G, (E* J 1II) =
(£ 2 10) <TJNE*) >+ < TJNE*) > + < T}’H(E*) >

(1.32)

The probability for a decay channel y is deduced by summing over all the spin-parity
states of the compound-nucleus:

JII *
< Ty (E*) >

P (E") =
W(E) JZ%<T&IH(E*)>+<TTLL]H(E*)>+<T];7H(E*)>

(1.33)

The latter equation is the basement of the statistical model that describes the de-
cay of the compound-nucleus. For completeness, we recall that the optical potential
predicts the initial conditions (A,Z,E*,J™) of the statistical model which governs the
competition between all the possible decay channels (fission, radiative capture, neutron
emission, etc...) via eq. 1.32. Multi-step decays can be considered in the same way. For
the neutron energies of interest in this work, the outgoing channels in competition are
principally neutron emission and radiative capture (or gamma emission). Figure 1.12
illustrates the deexcitation process as treated by the statistical model. In the case of
heavy nuclei, the fission channel may compete with the latter outgoing channels.

In the following, we explain the derivation of the branching ratios G, (E*, J,II). As
mentioned before, the present study implies rare-earth nuclei for which fission does not
occur. However, we would like to discuss the surrogate results obtained for several
actinides in this thesis. That is why we will also describe how the branching ratios can
be inferred for fission.

1.4.4 Neutron emission

An excited state at E* can decay to a state at E’ by neutron emission, as illustrated

in figure 1.13. In the following, we define the transmission coefficient < T}/}1,, > for the
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A+1X

Figure 1.12: Decay process after the excitation of an intermediate compound-nucleus 4*'X* state. Green arrows cor-
respond to y-decay and orange arrows to one-neutron or two-neutron emission. For simplicity, the fission

channel is not shown.
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1.4 Decay of the compound-nucleus

deexcitation of the compound-nucleus A*! X (E*, J,II) by neutron emission, leading to a
residual nucleus A X (E', J', II').

\"—(E',J',”')

S — (G

GS
A+1X

Figure 1.13: Decay scheme for a compound-nucleus 4** X (E*, J, II) via neutron emission
to a (B, J',II') state of the residual nucleus 4X.

By combining eqgs. 1.29 and 1.31:

|J+J| l7+1/2|

<TM>EHY=3S 3 > T/(EF - Bd)S(ILIT, (—1)")

B JT j=|J—J| I=|j'—1/2]

E =S, 1J+J| 1i'+1/2] ,
+/ > S T (EL)ILIY, (—1))QE, J' 1T )dE (1.34)

Ba  j=|J-a|r=|j—1/2]

The first term is the summation over the discrete levels at low excitation energies
E,;. Right above the last discrete energy, the discrete levels are so numerous that their
density can be treated as a continuous density Q(F’, J',II'). The second term is an
integration of the continuum levels of higher energies up to (E* — S,,).

One should stress that for low incident neutron energies the entrance and outgoing
channels are not totally independent: the compound elastic channel (n,n) is preferred
over other decay channels. A width fluctuation correction (WFC) is introduced that
breaks-down the independence of formation and decay of the compound-nucleus. Meth-
ods for determining such WFC can be found in [Hilaire 03]. Therefore the major effect
is to enhance the elastic channel and accordingly decrease the other open channels. The
correction is most important at low neutron energies and for reactions with few open
channels ([Tucker 65]). At sufficiently high energies, when many competing channels are
open, WFC’s can be neglected.
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1.4.5 Gamma emission

1.4.5.1 Electromagnetic transitions and multipolarity

An excited state at E* can also decay to a state at £’ by photon emission, as illustrated
in figure 1.14. The final and the initial levels are directly linked by the knowledge of the
~ transition via the conservation laws. The energy conservation gives:

E,=FE"—F (1.35)
The angular momentum composition imposes:
| J—=J <L, <J+J (1.36)

Consequently, for a given J and J' , the multipolarity of the transition is limited since
the photon parity 7, is:

o (=1)& for an electric transition (F'L).
o (—1)X*! for a magnetic transition (ML).

For instance, in the decay from a 37to a 27, the possible multipolar transitions are M1,
E2, M3, E4, M5. Contrariwise, for a decay from a 37to a 2%, the possible multipolar
transitions are E1, M2, E3, M4, E5.

(E*,,N) ——e—o—
V|(E,,x,A)
(E’IJ’IH')ii
GS
A+1X

Figure 1.14: Decay scheme for a compound-nucleus A*' X (E*, J,II) via gamma-decay to
a X (B J 1) state.
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1.4 Decay of the compound-nucleus

1.4.5.2 Gamma-ray strength functions

Contrary to particle transmission, gamma transmission coefficients are determined from
an energy-dependent gamma-ray strength function f(z, A), and read

Tor(Ey) = 27 fu \(Ey) B2 (1.37)

where £, is the energy of the vy-ray emitted,  denotes the nature of the transition (x =
E for electric and & = M for magnetic transitions) and A is the transition multipolarity.
There are several models for the gamma-ray strength function. The strength function is
a function of the gamma-ray energy £, only, i.e. independent of the excitation energy
of the compound-nucleus. This is a consequence of the Brink hypothesis ([Brink 57]).
The giant dipole resonance collective state has the highest probability to emit a y-ray.
The probability that any other state decays by gamma emission is negligible. That is
why the gamma-ray strength function can be modelled with a standard Lorentzian form
that describes the GDR shape:

o-x,)\E'yF:v,)\

f ,>\( 'Y) A (E,% _Egv)\)Q + (E'YFZ‘7)\)2(

MeV—3) (1.38)

where 0, 5, E; » and I';, 5 are the cross section, energy and width of the giant resonance,
respectively, and:

1
(20 + 1)72h2c?
Parameters are based on experimental data if available or they are given by a sys-
tematics ([Belgya 06]). In the TALYS reaction code ([Koning 00]), eq. 1.38 is used for
all transition types other than E1. For E1 radiation, the generalized Lorentzian form
of Kopecky and Uhl ([Kopecky 90]) is preferred. Note that microscopic calculations are
used to determine gamma-ray strength function for E1 radiation for exotic nuclei. In this
approach, the parity is explicitly taken into account in the gamma-ray strength function,

whereas the Lorentzian approach assumes that the parities are equally probable.

Kx,)\ -

(1.39)

1.4.5.3 Transmission coefficient for E1 transitions

In the following, we choose to deal only with electric dipolar transition of the lower order,
namely E'1 transitions. According to eq. 1.37, the transmission coefficients is given by:

T (E,) =27 fp1(E,) E2 (1.40)

By analogy with particle transmission coefficients, the number of final states is so
numerous that an individual description of each gamma channel can be replaced by
a summation over all accessible levels described by a continuous level density. It is
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understood that the integral over dE’ also includes a summation over discrete states.
Practically, one writes:

27 Bx |14
2 =<T/"> ()~ C. > Te(E*— ENQE,J , 1)dE' (1.41)
DO 0 J'=|J-1]

where C' is a renormalization factor. The normalization factor C' is chosen to ensure
that the theoretical average gamma width < I'y > is equal to the experimental value in
the resonance neutron energy range (see for example Ref. [Noguere 09]). For nuclei for
which no experimental data are available, one uses the systematics for 40 < A < 250
given by Kopecky ([Koning 00]) :

1593
A2
Note that this equation gives < I';, >~ 60 meV in the rare-earth region and < I';, >~
30 meV in the actinide region.

r,=""eV (1.42)

1.4.6 Fission

Heavy compound nuclei may also undergo quadrupole deformations of greater and
greater amplitude that eventually lead to fission. Therefore, the fission process may
compete with the two previously described decay channels. In the frame of the liquid
drop model, the potential energy is given by the interplay between the Coulomb repul-
sion and the surface energy (whose origin is the short-range nuclear force). The result
for the potential energy as a function of deformation is a fission barrier as illustrated in
Fig. 1.15. Shell effects modify the shape of the potential energy leading to double or
triple-humped fission barriers. As stated by N. Bohr and J.A. Wheeler ([Bohr 39]), the
fission probability is defined by the number of states at the top of the fission barrier, the
so-called «transition» states and not by the states of the fission fragments. If the E* is
lower than the barrier height, tunneling occurs. The Hill-Wheeler expression ([Hill 53])
gives the probability of tunneling through a barrier (described by an inverted parabola)
with height By and width Aw for a compound-nucleus with excitation energy E*. It

reads:
(E*—B).]™"
)1 (1.43)

For a transition state with excitation energy ¢; above the top of the same barrier, one
has:

Tp(E") = [1 + exp(—2m

(E* = By — &) )] -

T¢(E*, ) = |1 -2
(B2 = 1+ cant-2n =0

(1.44)
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100 + Surface 7
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Figure 1.15: Potential energy as a function of elongation resulting from the interplay
between the surface and the Coulomb energies (schematic nuclear shapes

are indicated below) ([Schmidt 09])

E*
Continuum
L transition

states

Discrete
— transition
states

0 Deformation B

Figure 1.16: Potential energy as function of deformation for a fissile nucleus. Each tran-
sition state is associated with a barrier, which is simply obtained by trans-
lation in the modeling of the ground state barrier.
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which means that the barrier simply shifted up by ¢; (see Fig. 1.16). For a compound-
nucleus with excitation energy E*, spin J and parity II, all the transition states with
spin and parity JII will contribute to the fission process. The total fission transmission
coefficient is the sum of the individual transmission coefficients for each barrier through
which the nucleus may tunnel, and thus reads in terms of the previously introduced
Tr(E*,¢):

T{ME") = ZTf(E*, e)f(i, J, 1) + i Q(e, J,INTy(E*, €)de (1.45)

Eq

where the summation runs over all discrete transition states on top of the barrier
and F,; marks the beginning of the continuum. In this equation, f(i,J,II) = 1 if the
spin and parity of the transition state is equal to that of the compound-nucleus and 0
otherwise. (e, J,II) is the density of levels with spin J and parity II for an excitation
energy €. The latter formula is only valid for one barrier. Nevertheless, in the actinide
region, a second barrier must be crossed before undergoing fission. The double-humped

(E*,5,m) AY 0 (P%ggion)

(EX)N) e—7—= WAY 1 (P00

(Ex4,N) <----- WAY i (Piiggion)
Excitation
Energy

Deformation B

Figure 1.17: Illustration of the double humped barrier problem. In particular, paths
0 and 1 are both detailed. Note that class II states enhance locally the
transmission. Nevertheless we neglect possible resonances of the class II
states in the following interpretation.

barrier transmission can be decomposed in two separate steps: the first barrier (barrier
A) transmission and the second (barrier B) transmission via two independent fission
transmission coefficients T/ and T3™. By analogy with the independence of the forma-
tion and decay of the compound-nucleus (see equations 1.1 ), the fission probability can
be interpreted as the product of the probability P to cross the barrier A and the
probability to cross the second barrier Prr_, fission When the first barrier has been crossed.
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1.4 Decay of the compound-nucleus

At the second well, there are two possibilities: crossing back barrier A with probability
T4 or fissioning through barrier B with probability Tz. The fission probability relative
to the first possibility (way 0) is:

Ta T
YL Ta+Ts
where Y T; = Ty + T;, + T,. After crossing back barrier A, it is still possible to cross

again barrier A and fission through barrier B (way 1). The fission probability can thus
be written as:

(1.46)

0
Pfission = PI—)II-PII—>fission =

Pflission = [Pro11-Prrs1] [Proir-Pris fission) (1.47)

with Pr_rr. P = [ZT:ATZ] [TAI‘ETB}' After n «coming-backs», we have:

Prission = Z P}ission = [Pr11-Prr fission) {1 + [Prosir-Prsd) + o+ [PHU-PHaI]n]

(1.48)
Since P;_;;.Prj—; < 1, one can write:
Pfission - ZPZ ion — [PI—>II-PII—>fission] ! (149)
—  Jission 1 — [Pro1r-Prisil
which implies:
-1
T T T T
Pfission = A & 1-— A . A (150)
TA—i—Tn—i—TV Th+Tg 7144—77714—777 Tr+ 1B
and leads to the well-known fission probability expression:
TaT.
Plission = [ﬁﬂ} — 1y (1.51)
T+ T+ |72 ] Tt T+ 1y

where the fission transmission coefficient for a double-humped barrier of a compound-
nucleus state (E*, J,II) reads:

gy — AT

L = 1.52
feson ") = ity 1 ) 192
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1.5 The surrogate method

Let us start with the Hauser-Feshbach formula of the (n, x) cross section (already given
in equation 1.1):

O (Bn) =Y o M(E*, J,IN).GIN(E*, J.10) (1.53)
JTI
This expression can be factorized as:
ON(E* J 11
Un,X(En> = USN<E*>Z%G5N(E*7J, H) (154)
o o (E)
We define the probability P, (E£*) that the compound-nucleus decays through channel
X as:

PEN(E*) =Y FEN(E*, J,1).GCY (B, J, D) (1.55)
JTI
where FEN(E* J TI) = % is the probability for forming 4*'X* with given

values for (E*, J,II). This is nothing but the spin-parity distribution of the compound-
nucleus at E*. By definition, 3" ,;q FEV(E*, J,11) = 1. Finally, equation 1.53 can be
written as:

O (Bn) = oY (E*). Y FEN(E, J,IN).GIN(E*, J. 1) (1.56)
JII

In the following we explain the derivation of the Weisskopf-Ewing theory from the
Hauser-Feshbach theory. The Hauser-Feshbach- theory rigorously conserves total angu-
lar momentum J and parity II. To achieve the independence of the decay probability
on JII, the energy of the compound-nucleus must be sufficiently high for all the decay
channels to be dominated by integrals over the level density. If the latter assumption
is satisfied, width fluctuations are negligible. In the continuum of states, we have seen
that the transmission coefficients can be expressed as the sum over the transmission

coefficients and the level densities for the exit channels:

oo J+J'
<Tyh >= Z > Ti(e) Q(EL T (1.57)

=0l=J—J'
where €, is the kinetic energy of the outgoing particle, £’ is the excitation energy in
the residual nucleus and I’ is the final-state spin. In equation 1.23, if the states that
are populated by the compound-nucleus have angular momenta lower than the spin cut-
off parameter I’ < o.yu0ff, the level density can be factorized as (2J + 1)Q(£") and

equation 1.57 becomes:
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1.5 The surrogate method

< Ty >=Q(E'). Y Tf(e) (2" + DAL, J') (1.58)
1,J"
with a function A(J,1, ") which is defined as 1 if the three angular momenta satisfy
the vectorial relationship I’ = J + [ or 0 otherwise. This restriction on the magnetic
sub-states permits to carry out the sum over J’ :

2+ DA L) = (2] + 1)(20 + 1) (1.59)

,L'/

and < Tj77}, > becomes:

< Tl >=(2J + 1).Q5(E"). Y (20 4 1).T7 (e.) (1.60)
l

We define the inverse cross section 07¢“(e.), namely the cross section for absorption
of the ejected particle as if it were incident on the excited nucleus in channel c. It
is assumed that this cross section is the same for the absorption on any state of the
compound-nucleus and is given by:

o

02 (ec) = mAL (2 + DT (E) (1.61)
=0

Consequently, the transmission coefficients read:
JII c / 1 reac
< Ty >= (2J +1).Q4(F )TU (€.) (1.62)

2 C
AC

As a consequence, in the Weisskopf-Ewing limit the branching ratios are independent
of JII and given by:

_ < T > k2.0 (ey) QU (Ey)
Se<TE> x, [ dE Kz (eo) QU(E,)

where the summation over ¢ represents all possible decay channels and k. is the wave
number.

Then the branching ratios can be extracted from the summation over JII in eq. 1.55
leading to:

(1.63)

Gy (E)

PIN(E*) = GOV (EY) (1.64)

and the expression for the neutron-induced cross section becomes:

O (En) = 0N (E,). PN (EY) (1.65)

This is the equation on which rely most applications of the surrogate method.
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Direct reaction:

projectile Transfer or inelastic scattering

Thermalization of
the residual nucleus

HIX* Decay of the
compound nucleus
l Y
f

Figure 1.18: Surrogate reaction (projectile +4'Y — ejectile +4*' X*) that produces
the compound-nucleus 4T'X* associated to the neutron-induced reaction
(n +4 X =4+ X)),

A
n

In a surrogate experiment (see figure 1.18), the compound-nucleus 4+ X* is produced
via a transfer reaction or inelastic scattering reaction involving a light-charged projectile.
These reactions are not compound reactions, but direct reactions involving only a few
nucleons in the nucleus. However, in the region of excitation energy above S,, (=6 MeV
in the rare-earth and actinide regions), the residual nucleus has a high probability to
become a compound nucleus before deexcitation. This is due to the large degree of
configuration mixing that appears at high level density. In a surrogate experiment, the
decay of 4*'X* is observed in coincidence with the outgoing ejectile w, which is stopped
in a detector that provides particle identification, as well as the kinetic energy and the
emission angle of w. The desired exit channel x is identified by detecting for example
the fission fragments (fission channel) or the ~-rays (radiative capture channel). To
determine the corresponding decay probability PSN , the number of ejectiles detected in
coincidence with the desired exit channel x (Neginc—y) is divided by the total number
of ejectiles (Nsingies), the latter being labelled as «singles» events. When normalised to
the detection efficiency e,, the decay probability as a function of the excitation energy
of the CN can be written as:

Ncoinc—x(E*)
Nsingles (E*) -€x (E*)

PEN(E") = (1.66)

The idea behind the surrogate method is to determine a neutron-induced cross section

via a combination of theory and experiment according to the following steps:

« calculate the compound-nucleus formation cross section o“~(E*) for the desired
neutron-induced reaction using eq. 1.16.

« measure the probability PXCN (E*) that the CN is formed in a surrogate reaction
with energy E* and decays into channel y.
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A crucial point is that the probability distributions FV(E*, J,II) depend on the
reaction used to form the compound-nucleus. Ideally, one would need to correct for
this by calculating them theoretically!. Then the branching ratios GgN (E,, J, 1) would
be obtained thanks to eq. 1.55 by adjusting the parameters of the statistical model to
reproduce the measured decay probabilities PSN (E*). The objective of the surrogate
method is to determine or constrain the branching ratios experimentally. Finally one
uses eq. 1.53 to infer the desired neutron-induced reaction cross section. Unfortunately,
the distributions FEN(E*, J,II) are very difficult to obtain theoretically. Actually, as
mentioned before, most applications do not proceed in this way but use the Weisskopf-
Ewing approximation that avoids the necessity to know FEN(E*, J II).

1.6 The validity of the surrogate method

For neutron-induced and surrogate reactions the decay probabilities are given by:

PHE*) =Y FSN(E*, JI).G{N(E, J,T) (1.67)
JII

P(E") = ST EEN(E* H).GgN(E*, J,1I) (1.68)
JII

where FEN(E*, J,11) and FEY (E*, J, 1) correspond to the probability that the compound-
nucleus at energy F* is formed in the state JII by the neutron-induced (index n) and the
surrogate (index s) reaction, respectively. Note that the branching ratios G, (E*, J,1I)
in the neutron-induced reaction and the surrogate reaction are the same.

The two upper decay probabilities are equal in two cases:

e hyp.1: the JII distributions populated in both reactions are similar:
FEON(E* J 1) ~ FEN(E*, J 1) (1.69)
or

 hyp.2: the branching ratios are independent of JII (Weisskopf-Ewing hypothesis):

G\ (E*, J,TI) = G, (E") (1.70)

!'Note that these distributions depend on the emission angle of the ejectile.
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1.6.1 Spin-parity distributions in surrogate reactions

Actually, we expect different angular momentum distributions to arise from the neutron-
induced and the surrogate reactions. That is why, as we mentioned before, the ideal
procedure of a surrogate measurement would be to calculate FY (E*, J, 1), then extract
Gy (E*, J,1I), and insert them into the Hauser-Feshbach formula (equation 1.53). In the
seventies, B.B. Back and H.C. Britt ([Back 74b]) performed DWBA calculations in order
to extract the angular momentum distributions populated in (¢,p), (d,p) and (*He, d)
reactions (see left part of figure 1.19). For the (d, p) reaction, the mean [ transferred is
about 2—3h. The calculated mean [ transferred in (¢, p) and (*He, d) is about 4h. These
distributions were compared by H.C. Britt and W. Younes ([Younes 03b]) with neutron-
induced angular-momentum distributions. The right part of figure 1.19 shows that a
low-energy neutron (£,=0.5MeV) induces less angular momentum than the previous
transfer reactions. On the other hand, for higher neutron energies (FE,=2MeV), the
mean [ transferred is rather close to the one populated in the (d, p) reaction.

Theoretical work carried out at Livermore suggests an important spin mismatch in the
entrance channel at the lowest neutron energies. In [Thompson 06], DWBA pickup calcu-
lations were performed with FRESCO ([Thompson 00]) to infer the angular-momentum
distributions generated using a (*He, ) stripping reaction on ?**U and ?**U for an inci-
dent 3 He beam at 42 MeV. Figure 1.20 illustrates that the mean [ transferred in (*He, «)
varies between 4h and 6A, depending strongly on the spin and the parity of the ground
state of the target nucleus. Nevertheless, all these calculated distributions have not yet
been validated since there are no experimental spin-parity distributions available for
these reactions. One could test them by using them to calculate the decay probabilities
of interest and compare the latter with what is experimentally observed. Nowadays,
theoreticians are focusing on pickup and stripping reactions.

S. Chiba et al. developed a dynamical model of surrogate reactions ([Aritomo 11]).
In this very recent work, the transfer of several nucleons at an initial stage, thermal
equilibration and the decay of the compound nuclei are treated in a unified framework.
For example, the authors calculated the spin distribution of the compound nuclei 24°U*
and #8U*in the reactions 23U (80,1 0)?°U and #5U (10,6 0)?8U , respectively, at
the center-of-mass energy of E. ,, = 133.5MeV . The results showed that the spin of the
compound-nucleus was less than 10/ in both cases. This work needs to be compared to
experimental results.

To conclude, an important effort from theoreticians and experimentalists should be
done in order to determine these distributions. We will show later how the present work
can provide very valuable information on this issue.
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1.6.2 Branching ratios

Hauser-Feshbach calculations allow one to predict branching ratios for specific values
of (E*, J,1I) of the CN. These calculations provide realistic information on the JII
sensibility of the branching ratios and predict when the Weisskopf-Ewing condition is
fulfilled.

To study (n, f) cross sections, J. Escher et F. Dietrich ([Escher 06]) considered the
reaction n +2% U — 23U* where the ?*>U is a fissile nucleus. Note that the ground-
state spin and parity of U and #U are £~ and 0T, respectively. Figures 1.21 and
1.22 give the fission decay probabilities for various JII states of 23¢U* up to J = 20A.
Figure 1.21 focuses on spin range J = [0;5] and one observes that the fission decay
probabilities depend on JII with a variation up to a factor 2 at low incident neutron
energy. Nevertheless, above 1 MeV neutron energy, all the lines coincide by about 20%.
The Weisskopf-Ewing approximation implies no JII dependence at all and this occurs
at 4-5 MeV. The latter energy limit is often called the Weisskopf-Ewing limit. On other
hand, figure 1.22 extends the latter calculations to spins up to 20h and illustrates a
crucial point: angular-momentum values larger than the spin-cutoff parameter (6 — 7 for
actinides) invalidate the Weisskopf-Ewing assumption. We have seen before that for high
spins, the spin dependence of the level density is not proportional to (2I' 4+ 1) anymore,
and the spin-dependent part of the level density does not cancel in the derivation of the
branching ratios.

Recently, J. Escher and F. Dietrich ([Escher 10a]) examined (n, ) cross sections for
spherical fission fragments and deformed rare-earth and actinide nuclei: Hauser-Feshbach
calculations for **Zr(n,v), '*Gd(n,~) and ?*U(n,~) were carried out. Calculated -
decay branching ratios G, (E*, J,II) for values of J up to 12k for *2Zr*  »Gd*, and
B60U*are given in figure 1.23. In the energy regime considered, the decay of the ?2Zr*
CN proceeds only by v or neutron emission. Due to the low level density in the residual
nucleus ! Zr, only few states are available after neutron emission. Actually, the access
to each new state of the residual nucleus corresponds to a discontinuity in one or more
~v-branching ratios.y-decay probabilities are found to be very sensitive to the JII of
the populated compound state (see panel (a)). It is clear that the Weisskopf-Ewing
approximation is not valid in this region. The situation improves as one moves away
from closed shells. For example, while ' Zr has only one level below 1 MeV (the ground
state), the well-deformed rare-earth nucleus *>Gd has over 60, and the actinide nucleus
250 has approximately 90. Consequently, the decay probabilities for 1*°Gd* and 23¢U*
exhibit significantly less sensitivity to the JII values of the compound-nucleus. This
is shown in panels (b) and (c) of figure 1.23. For Gd*, the curve for the highest
J-value, J = 12h, is higher in magnitude than those for J = 0 — 3A by about a factor
3 in the higher-energy regime; for 236U*, the difference is somewhat smaller, around
2. As a consequence, this important work indicates that high level densities present
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in the deformed rare-earth and actinide regions reduce the sensitivity of the ~-decay
probabilities to compound nuclear spin-parity distributions and nuclear-structure effects.
Nevertheless, for low energies (£, < 1 —2 MeV), the conditions for the Weisskopf-Ewing
approximation are not expected to be satisfied ([Escher 10b]).

An additional test of the Weisskopf-Ewing approximation was carried out by S. Chiba
et al. ([Chiba 10]) which provided calculated decay probabilities for the fission and
capture channels for various JII states of 23°U* spins up to JII = 21/2* and neutron
energies up to 5 MeV (see figure 1.24). Contrary to the previous ?*U* case, the fission
barrier of U (B{'=6.45 and Bf=6 MeV where B} is the first fission barrier and
Bf the second [Maslov 98]) is above the neutron binding energy (S,=4.806 MeV). The
calculations show that the fission decay probability varies depending on JII by about
15% at 5 MeV but the variation is about 50% at 1,5 MeV. The convergence is clearly
much worse for the capture channel where the decay probabilities scatter by a factor of 8
at 5 MeV. The variation is much larger at lower energy and in this range, it appears that
high spins favor the capture process at the expense of other decay channels. Above 2,5
MeV, one notes a systematic behavior: both, fission and capture probabilities increase
monotonically as J increases. This trend was also present for the previous compound
nuclei studied by J. Escher et al.

To conclude, for energies (E, < 1 —2 MeV), the conditions for the Weisskopf-Ewing
approximation are not expected to be well satisfied. The Weisskopf-Ewing limit depends
clearly on the structure of the compound-nucleus and of the residual nucleus after neu-
tron emission. Also the dependence of the y-branching ratios on the JII distribution is
greater than that found for fission.
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1.7 The surrogate ratio method

1.7 The surrogate ratio method

Recently, an alternative to the standard surrogate approach, called the surrogate ratio
method (SRM), has been developed ([Plettner 05]). This method relates the ratio of
two neutron-induced cross sections to a ratio of measured decay probabilities from two

surrogate reactions:
A A41 y* A+1 yx*
oW X(En) ooy (Ey).PL N (E,)

X = X 1.71
B ol (B PU () e
where:
. a:f;(En) and o, ¥ (E,) are the cross sections for the reactions X (n, x) and 7Y (n, x),
respectively.

A+1 yx* B4+1v % . . .
o ooy (B,) and ooy Y (E,) are the compound-nucleus formation cross sections in

the reactions (A X + n) and (BY + n) with energy E,, respectively.

P, LY (E,) and P,V (E,) are the measured surrogate decay probabilities for

the compound nuclei 7' X* and 'Y * with equivalent neutron energy E,.

The SRM was initially developed for experimental reasons. The main advantage of the
SRM is that under certain conditions it removes the need to measure the total number
of reaction events, i.e. the «singles» events, which eliminates an important source of
systematic uncertainty. This point will be discussed in section 2.2. Obviously the SRM
requires one of the neutron-induced sections to be known in order to infer the desired
one. Note that the ratio method is based on the Weisskopf-Ewing assumption and is
therefore, in principle, only valid in this limit.

1.7.1 Theoretical investigation of the surrogate ratio method

Again the surrogate ratio method was investigated using Hauser-Feshbach calculations.
Decay probabilities for particular values of (E*, J,II) were carried out in the same way
as in section 1.6.2. Ratios of such quantities provide realistic information about the JII
sensibility of the SRM.

In [Escher 06], F.S. Dietrich and J.E. Escher investigated under which conditions
the SRM gives good results. They focused on the reactions 23U (n, f) and 233U (n, f).
Figure 1.25 illustrates simulated results for surrogate experiments in which the com-
pound nuclei 24U* and ?36U* are populated with the JII distributions given by figure
1.26(a). For comparison, figure 1.26(b) shows angular-momentum distributions of the
compound-nucleus ?**U populated in the neutron-induced reaction. Fission cross sec-
tions o, V" (Ey, J,1I) and o, ;”" (E,, J, II) have been obtained by calculating 3= i o¢’”
(En, JII) x PV(E,, J,I) and Y ooy (Ey, J,IT) x PV (E,, J,1I), respectively,
using the latter angular-momentum distributions. Results are shown in figure 1.25(a)
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and (b). The obtained cross sections are compared to calculated reference cross sections
(adjusted to existing data). Deviations from the expected reference cross sections by
up to 40% for neutron energies above 5 MeV, and up to a factor 2 at lower energies,
are observed. In figure 1.25(c), the O'Z?:;U fission cross section obtained with the ratio
S Ten’ (Bn J1D).G; V" (Bn,J0)

noon’’ (En,J,H).GfP‘*U* (Ep,J,II)
fission cross section is found to be in much better agreement with the neutron-induced
cross section. One observes deviations of less than 50% at low energies and no more

than 25% for the higher energies.

and the reference afjch (E,,) cross section is presented. The

Similar statistical calculations have been done by S. Chiba et al. ([Chiba 10]) for

B9U* and 23"U*. Branching ratio calculations were carried out for the fission and ra-
239U* (En7J’H)

. ) ) ;
diative capture channels. Figure 1.27 shows calculated fission —Gigm* 1

and capture

239 7%
G,V (B, J 1)

nice agreement with the neutron-induced evaluated ratios. For the fission ratio, the
deviation is only at a level of 3% at 5 MeV. The largest deviation is of 15% at about
1,6 MeV while it was about 50% in figure 1.24. The convergence seems to be valid also
for somewhat higher spin values. On the other hand, the capture ratios show important
deviations (~30%) for lower energies but they have to be compared with the enormous
JII dependence of the decay probabilities (see Fig. 1.24) where differences of a factor
of 10 were observed. When FE,,>2 MeV, one notices a good mutual convergence in Fig.
1.27, while we saw in Fig. 1.24 that the decay probabilities still depend on JII above
this limit.

ratios for various JII states. The ratios are found to be in an astonishingly

The agreement found highlights a reduction of the effects due to the spin-parity mis-
match. When the two reactions that are analyzed are sufficiently similar, the spin-parity
mismatch may affect both reactions in the same manner and it is likely that the angular-
momentum effects partly cancel in the SRM. Also pre-equilibrium effects seem to cancel
in the ratio approach. According to J. Escher and F. Dietrich, two reactions can be
considered to be similar if:

« the same surrogate reaction (combination projectile-ejectile) is used to produce
the compound nuclei in both cases.

o the same kind of decay (v emission, charged-particle emission, or fission) is con-
sidered in both cases.

o the decays of the compound nuclei have similar properties (number and kind of
open channels, separation energies for the various channels, level densities in the
residual nuclei, etc).

If similarity is not fulfilled, uncorrelated effects and deviations may increase the discrep-
ancies with respect to neutron-induced data.
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Figure 1.26: (a) Total angular momentum distributions for the compound nuclei con-
sidered in the studies presented in figure 1.25.
distribution of positive-parity states of the compound-nucleus 22U follow-
ing neutron absorption for various neutron energies. The negative-parity

Figure 1.27: Calculated ratios of decay probabilities G
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Chapter 2

Review of experiments based on the
surrogate method

Measurements that test the validity of the Surrogate method are highly important.
Applications of the method to (n, f) reactions have been tested in numerous experiments
over the years. For (n,~) reactions, only a few experiments exist. Still fewer have been
designed to properly test the method. In order to provide useful information on the
validity and limitations of the method, surrogate experiments need to yield cross section
results that can be compared to direct measurements. This section is dedicated to
experiments using both the standard surrogate method and the surrogate ratio method
(SRM). To distinguish between the two surrogate applications the standard method is
called «absolute» surrogate method (ASM) in literature;

2.1 The «absoluten surrogate method (ASM)

Let us recall equation 1.66 that describes how the decay probability Pf N(E*) for a given

decay channel y is obtained in the surrogate method:
Ncoinc(E*)

Noingte ) (E7)

CN *
PX (E™) = (2.1)
where:

o Neoine(E*) is the number of ejectiles detected in coincidence with the decay prod-
ucts of interest. Note that, at the excitation energies considered here, three exit
channels y can be observed: fission, radiative capture and neutron emission.

o Nyingie(E*) is the total number of ejectiles detected, namely the number of corre-
sponding CN with excitation energy E*. These are the so-called «singles» events.

+ €,(E*) is the detection efficiency for the exit channel x.
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Chapter 2 Review of experiments based on the surrogate method

In practise, the procedure of determining the decay probability can be a difficult task. If
target contaminants are present, it becomes very difficult, if not impossible, to determine
reliable values for Ny;,ge and Negine. That is why targets need to be pure and ideally self-
supporting in order to avoid the subtraction of the background coming from the backing.
The detection efficiency €, needs to be determined very accurately. As mentioned before,
the neutron induced cross section for the reaction 4X(n, ) is obtained applying the
Weisskopf-Ewing formula (equation 1.65).

2.1.1 The surrogate method applied to fission

Transfer reactions have been used for a long time in order to determine the structure
of nuclear states and also to explore the fission barrier of actinide nuclei. In 1970,
the surrogate method was developed in Los Alamos National Laboratory by J. Cramer
and H. Britt ([Cramer 70b]). The first surrogate reactions were (¢, p) and (¢, d) using a
18 MeV triton beam. The ejectiles were detected by a silicon detector at 140° with a
energy resolution of AFE ~ 120keV and the fission fragments were detected with 8 silicon
detectors in the reaction plane. Fission cross section estimates for several isotopes of
thorium, uranium and plutonium were obtained. Uncertainties were estimated to 10% for
the fission probabilities and 5-20% for the optical model calculation of the CN formation
cross section ooy (E*). This work was continued by studying the fission of several odd-A,
doubly-odd ([Back 74a]) and doubly-even ([Back 74b]) actinide nuclei via new surrogate
reactions as (d, p) or (p,p'). Few years later, H. Britt and J. Wilhelmy used (3He, d) and
(3He, t) surrogate reactions on various actinide targets to infer (n, f) cross sections for
34 nuclei for En ~ 0.5—6MeV ([Britt 79]). Note that the compound-nucleus formation
cross section was here approximated to oon(E*) = 3,1b and was assumed constant
within a precision of 20%. A good agreement was observed with directly measured cross
sections, where available, and uncertainties were similar to those of the previous work.
However, below 1 MeV, there were in several cases serious discrepancies.

In 2001, the CENBG collaboration proposed to measure fission cross sections of very
short-lived nuclei of interest for reactors based on the Thorium fuel cycle and for minor-
actinide transmutation. Fission probabilities of 23*Pa*, 233 Pa*, 232 Pa* and 'Th* were
determined via the 22Th(®He,pf)?**Pa*, ***Th(®He, df)*3*Pa*, *Th(3He,tf)**?Pa*
and ??Th(*He, af )**! Th*surrogate reactions, respectively. As detailed in Ref. [Petit 04],
the 24 MeV 3He beam was provided by the Tandem of the IPN Orsay. The 2*Th tar-
get was prepared by electromagnetic separation and consisted of 100 ug/cm? ?32Th
deposited on 50 ug/cm? carbon backing. The ejectiles were detected by 2 silicon tele-
scopes (¢ = 9mm) placed respectively at 90° and 130° with respect to the beam axis. The
fission-fragment detector was designed to achieve a large efficiency and good granularity
for fission-fragment angular-distribution measurements, used to correct from fragments
anisotropy. The system consisted of 15 photovoltaic cells (20x40 mm?) placed mainly at
forward angles. The left part of figure 2.1 shows the fission cross section of 233 Pa(n, f)
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obtained from the Weisskopf-Ewing analysis of the proton channel. The CENBG data
are shown in comparison with the neutron-induced data. The lines represent the inter-
national evaluations. There is a reasonable agreement between the two sets of data at
the fission threshold. The right part of the same figure illustrates results for ! Pa(n, f)
obtained from the Weisskopf-Ewing analysis of the triton transfer channel compared
with the neutron-induced data. Again we find a good agreement between the surrogate
results and the neutron-induced data at the fission threshold.
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Figure 2.1: Comparison between the CENBG results for 233 Pa(n, f), 3! Pa(n, f) with
existing direct measurements and the evaluations of the nuclear data libraries
ENDF-B/VII and JENDL-3.3.

At that time, W. Younes and H. Britt investigated if nuclear models can be used
to correct for JII population mismatch (see Refs. [Younes 03a] for the methodology
used and [Younes 03b] for the detailed results). This work was based on previous fission
probabilities measured via (¢,p) surrogates for 240:240.243 Py (£ 234.236.237.23977 (- £,
and 123 Th(n, f) ([Cramer 70b]). Firstly, considerable uncertainty in the neutron
transmission coefficients (optical model) at low energy was shown as responsible for an
over-estimation of the compound-nucleus cross section given by J. Cramer and H. Britt
about twenty years before. Secondly, the (¢, p) population probabilities F((t’j%(E*, J, 1)
had been calculated in the meantime via a DWBA model by B. Back et al. ([Back 74b]),
as shown previously in figure 1.19. Hence a Hauser-Feshbach approach of the surrogate
method, based on equation 1.53, was used to correct for the JII population mismatch.
The branching ratios for fission G¢" (E*, J, IT) were obtained using a statistical model to
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Chapter 2 Review of experiments based on the surrogate method

reproduce the measured decay probabilities PfCN (E*). The use of realistic angular mo-
mentum and parity distributions for the entrance channel and the update of the optical
model calculations allowed the authors to considerably improve the results. Only 20%
of discrepancies with neutron-induced data were found at the lowest energies. Unfortu-
nately, the population probabilities F°N (E*, J, II) for other surrogate reactions are still
unknown. Consequently, no similar Hauser-Feshbach approach of the surrogate method
has been applied until now.

In 2007, B. Lyles et al. measured the #*%U(n, f) cross section by performing the
28U (3He,a)®"U* reaction ([Lyles 07]). A 42 MeV 3He-beam from the 88 Inch Cy-
clotron at Lawrence Berkeley National Laboratory was employed. Scattered a-particles
were detected at forward angles using a AF — E; — Fy segmented detector ring called
STARS (Silicon Telescope Array for Reaction Studies [Bernstein 05]). The obtained sur-
rogate data are given in figure 2.2, the right part focuses on the low-energy region. The
shape of the obtained cross section derived using the absolute surrogate technique trends
within a factor 2 with direct measurements (represented by the recent evaluations of the
library ENDF /B-VII) below 1.5 MeV. As shown on the right panel, the surrogate data
were found to be sensitive to the detection angle of the ejectiles. The authors interpreted
this angular dependence as a signature of the breakdown of the Weisskopf-Ewing ap-
proximation in this energy range. Note that according to the theoretical investigation of
the surrogate method presented in section 1.6.2, a higher angular momentum sensibility
is expected for doubly-even nuclei. A better agreement is found from 1.5 MeV to 3.3
MeV, above 3.3 MeV the data are spoiled by target contamination.
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Figure 2.2: 23U (n, f) cross section obtained from an ASM analysis (left). The low
neutron-energy range is zoomed on the right part. [Lyles 07]
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2.1 The «absolute» surrogate method (ASM)

More recently, the CENBG collaboration performed a surrogate experiment to deter-
mine neutron-induced fission cross sections of 242243Cm and ?*' Am via the ® He-induced
reactions *$Am(*He, df)***"Cm*, *Am(®He, tf)***Cm* and **Am(®*He, o f)**2 Am*,
respectively ([Kessedjian 10]). The experimental set-up, described in figure 2.3, was
very similar to the one used previously for the 23122233 Pg and 232Th fission measure-
ments. As shown on the left part of figure 2.4, the results for ! Am(n, f) are in very
good agreement with those obtained in the neutron-induced measurements. The middle
part shows the neutron-induced fission cross-sections of the doubly-even 2#2C'm. The
resulting fission cross section is found to be in excellent agreement at the fission thresh-
old with the neutron-induced data of Vorotnikov et al. On the right part, the CENBG
results for 23C'm(n, f) are in good agreement with neutron-induced data up to about 0,7
MeV. Above this value, the CENBG data are well below those of Fursov. As explained
in [Kessedjian 10], a detailed analysis shows that Fursov’s data clearly over-predict this
cross section. The general good agreement observed at the lowest neutron energies for
these three nuclei indicates that the spin induced in the transfer reactions used was not
so high and that the excitation energy of the decaying nuclei was high enough for the
branching ratios to be insensitive to possible spin-parity differences. We will further
comment these results in chapter 6.
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Figure 2.3: Top-view of the CENBG set-up for fission probability measurements.
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2.1 The «absolutey surrogate method (ASM)

2.1.2 The surrogate method applied to radiative capture

Compared to fission, capture reactions are more sensitive to the differences between
the spin-parity distributions. The reason is that the excitation energy range considered
is lower than for fission. Moreover, radiative capture cross sections are expected to
decrease very quickly. In the energy region where the radiative capture probability only
represents few % of the decay, any variation of few % due to the spin-parity mismatch
represents in relative several factors. In addition, fission probabilities are relatively
easy to measure, due to the strong signature provided by the production of two fission
fragments. However, capture probabilities are more difficult to measure. Firstly, one
has to discriminate between capture and inelastic y-rays coming from the residual nuclei
after neutron emission. In addition, in the case of actinides above the fission threshold,
one needs to distinguish between v-rays originating from the nucleus of interest and from
the fission fragments. It is also not evident to determine the detection efficiency for a
radiative capture event. For all these experimental reasons, only few measurements have
been done up to now applying the surrogate method to radiative capture.

In fact, the first one was done by the CENBG collaboration and results were published
in 2006 ([Boyer 06]). The ~-ray emission probability of ?3*Pa* was measured using
the transfer reaction 2?Th(3He, py)?**Pa* at an incident *He energy of 24 MeV. The
experimental set-up was made of four liquid scintillator CsDg detectors and four silicon
telescopes arranged to detect v rays and charged particles in coincidence. The silicon
detectors were placed at backward angles (see figure 2.5). The total number of -
ray cascades emitted by a given compound-nucleus was obtained via the total-energy
detection principle coupled to the weighting function technique. This technique is also
used in our work and will be described in detail later. Figure 2.6 gives the obtained
23 Pa(n,y) capture cross section in the neutron-energy range from 0 to 1 MeV. We
compared the obtained ?*3Pa(n, ) cross section with recent evaluations. According to
us, the surrogate data are likely to be overestimated, perhaps by as much as a factor of
2. Unfortunately, no direct data exist for 23 Pa(n,~) and the validity of the surrogate
reaction method applied to radiative capture could not be checked.

In 2006, L. Bernstein et al. used the (o, o’7y) inelastic scattering as surrogate reaction
to infer 237U (n, ) cross sections (see Refs. [Bernstein 06] and [Browne 07]). Uranium
targets were bombarded with 55 MeV a-particles from the 88-Inch Cyclotron at the
Lawrence Berkeley National Laboratory. The ejectiles were detected at forward angles
with STARS. The y-ray detection array is called Livermore-Berkeley Array for Collab-
orative Experiments (LiBerACE). It consists of five clover-type high purity germanium
(H PGe) detectors with bismuth-germanate-oxide (BGO) Compton-suppression shields.
The experimental set-up is shown in figure 2.7. Here the capture probabilities were
deduced from characteristic low-lying y-ray transitions from the ground-state band of
the compound-nucleus. The 237U(n, ) cross section deduced using a ASM analysis is
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Figure 2.5: Layout of the experimental set-up at the IPN Orsay for the measurement
of the 23 Pa v-decay probability. The Germanium detectors were used for
CsDg calibration only. ([Boyer 06])
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2.1 The «absolutey surrogate method (ASM)

presented in figure 2.8. The surrogate data appear to be about a factor of 2-4 too high.
The observed discrepancies could be due to a mismatch of the spin distributions asso-
ciated to the surrogate and the neutron-induced reactions. We should stress that this
work remains unpublished for unknown reasons.
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Figure 2.7: Layout of the experimental STARS/LiBerACE set-up. A picture of the Ge
clovers is shown on the right. [Scielzo 10]
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Chapter 2 Review of experiments based on the surrogate method

In 2010, N. Scielzo et al. used the (p, p'vy) inelastic scattering as surrogate reaction to
infer 15315%:157Gd(n, v) cross sections ([Scielzo 10]). Gadolinium targets were bombarded
with 22 MeV protons from the 88-Inch Cyclotron at the Lawrence Berkeley National Lab-
oratory. The experimental set-up is the same as the one used by Bernstein et al. To
detect the y-rays in coincidence with scattered protons, the self-supporting 1%41°6:158G
targets were surrounded by the LiBerACE array. The obtained ~-decay probabilities
yielded 157G d(n, ) cross sections that were over-estimated by a factor of three with
respect to the directly-measured cross section. Results are given in figure 2.9. To inves-
tigate the origin of such discrepancies, the authors performed several Hauser-Feshbach
calculations for schematic spin-parity distributions representing possible (p, p’) popula-
tion probabilities F; (Zﬁ)(E*, J,II). The characteristics of the Gaussian distributions used
as F (%Y/)(E*a J,1I) are given in table 2.1. The calculated cross sections for these distri-
butions are compared to the surrogate data in figure 2.9. The first distribution centered
on 2 h gives the best agreement with the neutron-induced data, whereas the other dis-
tributions centered on 5 and 8 A tend to reproduce the surrogate data. Therefore, it was
deduced that the average spin populated in the (p,p’) reaction is several times higher
than the one populated in the neutron-induced reaction. We will come back to these
important results later in chapter 6.

| Spin distribution | J | o |

1 2h|17h
2 Sh|17h
3 8h|17h

Table 2.1: Mean value of J and standard deviation of the Gaussian distributions repre-
senting possible F(% (E*, J,1I) in [Scielzo 10].

The radiative capture probability of 23Th was determined with a method similar to
the one used by CENBG ([Boyer 06]) using the CACTUS array at the Oslo Cyclotron
Laboratory. The CACTUS array is made of 28 Nal ~-ray detectors, which intercept
a solid angle of 15% of 47 (see Ref. [Guttormsen 90]). Charged-particle ejectiles were
detected with eight segmented particle telescopes, each consisting of a front St E detector
and a back Si(Li) E detector with thicknesses 140 and 3000 pum, respectively, placed at
128-142° with respect to the beam direction. The total-energy detection principle with
the weighting function technique was used and the inelastic channel contribution was
suppressed by putting a ~-detection threshold. Pictures of the experimental array are
given in figure 2.10 and the obtained cross section is shown in figure 2.11. Important
discrepancies with neutron-induced data have been found at low energy (below 500 keV).
The observed discrepancies could be due to differences between the spin distribution of
the (d, p) reaction and the one populated in the neutron-induced reaction. Nevertheless,
above 500 keV a nice agreement is shown. This indicates that at these energies the
differences in the populated spin distribution are smaller. Indeed, TALYS calculations
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Chapter 2 Review of experiments based on the surrogate method

for 232Th(n, ) predict a spin distribution centered on 1 i with E,,=500 keV whereas Back
et al. ([Back 74b], Ocjectiie = 90°) and Hatarik et al. ([Hatarik 10], Ogjecrie = 44 — 77°)
predict an angular momentum distribution centered on 3 A for the (d, p) reaction.

Figure 2.10: Experimental set-up used at the Oslo Cyclotron Laboratory to infer the
233Th capture probability with the *2Th(d, p) reaction.
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Figure 2.11: Cross sections for #2Th(n,~) obtained via the #2Th(d, p)**3Th* reaction
compared to the ENDF-VIL.O evaluation. [Wilson 11]
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2.2 The surrogate ratio approach

2.2 The surrogate ratio approach

In 2005, a variation of the absolute surrogate method was developed by Plettner et
al. to avoid the problem of contaminants in the singles spectrum ([Plettner 05]). We
recall that the SRM principle has been introduced in section 1.7. In particular, eq.
1.71 relates the ratio of two neutron-induced cross sections to a ratio of measured decay
probabilities from two surrogate reactions. Note that the SRM assumes the Weisskopf-
Ewing approximation. By coupling eq. 1.71 with eq. 2.1 we have:

A+1X*
_~ coinc
o X(By)  opnX (B, NS )
Tk (B) — oen " () Mot -

single -€2

The latter equation can be considerably simplified if the following assumptions are
valid:

o The two surrogate measurements are done under the same experimental conditions
and both efficiencies are similar (e; = €).

o The two surrogate measurements involve neighbouring target nuclei and conse-
quently one considers also that the compound-nucleus formation cross sections for
A+1X* and BT1Y™* are very close.

It is convenient to introduce an excitation-energy-independent factor F,.,.., :

NB+1y*
ingl
Fopm = —2ingle_ (2.3)
single
This factor includes the cross sections for the transfer reactions, target thickness, beam
intensity and the irradiation times. The factor F,,.,, can be estimated experimentally
by comparison of the singles spectra in a E* region free from contaminants. The final

expression of a neutron-induced cross section obtained in SRM is:

A A+1 yx

U”j(((En) _ [Nco;ng F ‘| (2 4)
B - B+1lyx *+ norm .
O-n,})g (En) Nco;—ncy

The advantage of this normalization is that it removes the need to measure the total
number of single events Ngpge, Which eliminates an important source of systematic
uncertainty due to the effects of light contaminants, such as target backing materials and
impurities. This is true for fission reactions. Note, however, that for radiative capture
reactions the light contaminants may also emit y-rays and spoil also the quantity Nepine.
In practice, the experiments required for a ratio analysis are simpler than those that need
to be carried out with the ASM. However, the SRM requires one of the cross sections to be

known in order to infer the desired one. As mentioned before, theoretical investigations
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have shown that, under certain conditions, the ratio approach could also reduce the effect
of spin-parity mismatch in the entrance channel. For this to be valid, the two involved
reactions should be sufficiently similar; i.e., the projectile—ejectile combination should be
the same and the compound nuclei should be close enough in A and Z to have similar
properties. This implies severe limitations when one is interested in a region dominated
by radioactive nuclei, such as minor actinide isotopes, for which, both, neutron-induced
cross sections and targets are rather scarce.

There are three variants of the SRM:

o the external SRM (ESRM), where the same surrogate reaction is performed on two
neighbouring nuclei. This is the variant that has been explained above with eq. 2.4.
In this case, the compound-nucleus formation cross sections for the two compound
nuclei are very similar. The advantage to proceed with the same surrogate reaction
is to transfer similar angular momentum in both reactions. Nevertheless, the
ESRM may be sensitive to nuclear-structure differences between the two target
nuclei. Almost all applications of the SRM are based on the ESRM.

o the internal SRM (ISRM), where the particularity is to measure simultaneously
two exit-channel probabilities of the same CN, e.g. capture and fission. The idea is
to infer the radiative capture cross section with the known fission cross section. In
this case, one should stress that the efficiency terms do not cancel in equation 2.2.
The determination of the experimental detection efficiencies is therefore needed.

o the hybrid SRM (HSRM), where two different surrogate reactions are performed
on the same target nucleus. This supposes similar spin-parity distributions popu-
lated in both reactions. However, the cross sections for the transfer reactions are
expected to be different. Consequently, the factor F),,., cannot be deduced: the
determination of the total number of reactions events Noy in the two reactions
is needed. Actually, the HSRM corresponds to applying two times the absolute
surrogate method and normalizing the desired cross section with the reference one.
One assumes that the deviations obtained between the surrogate results and the
neutron-induced reactions for the well-known cross-section will be the same as the
deviations of the unknown reaction.

The next sections present a review of the experimental results obtained with the
surrogate ratio method.
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2.2.1 The external surrogate ratio method (ESRM)

2.2.1.1 ESRM applied to fission

As mentioned before, in 2005, the first SRM experiment was leaded by Plettner et al.
([Plettner 05]). The U (d, pf)*"U* and 238U (d, pf)*3°U* reactions served as surrogates
for the well known 2*U(n, f) and ?*®U(n, f) cross sections, respectively. Deuterium
beams of 24 and 32 MeV energy were delivered by the ESTU tandem accelerator of Yale
University. Ejectiles were identified using the STARS set-up (already mentioned) at for-
ward angles. Fission fragments were detected in coincidence with a silicon detector. As
shown in figure 2.12, a comparison of the surrogate ratio iz,zggij’ig with the ratio izzggzg
showed a good agreement over a wide range of excitation energy, giving confidence in the
ESRM. The 23U (d, d' f)*3°U* and 23U (d, d' f)**®U* reactions were consequently used to
determine the unknown 27U (n, f) cross sections relative to the reference ?*>U (n, f) cross
section. The obtained ratio zizggijﬁig
originating from the (¢, pf) reaction ([Britt 79],[Younes 03a]) and a theoretical estimate
based on an extrapolation of the same surrogate data ([Younes 03c|). As shown in figure
2.12, the comparison showed a relative good agreement over a wide range of excitation

energy.

was compared to the low-energy surrogate data
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Figure 2.12: Fission probability ratios for the (d,pf) and (d, d’f) reactions on 23U and
26[J targets as a function of the excitation energy of the associated CN.
Existing data and theoretical estimates are also indicated. [Plettner 05]
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One year later, J. Burke et al. ([Burke 06]) employed a 55 MeV a-beam from the 88-
inch cyclotron at the Lawrence Berkeley National Laboratory to induce fission via the
following reactions: 233U (v, o/ f)*8U* and U («, o' f)?3U*. The reaction on 238U was a
surrogate for 237U (n, f), and the one on 23U was used as a surrogate for 2°U(n, f). Scat-
tered a-particles were detected using STARS at forward angles (35° to 60° with respect
to the beam axis). The fission fragments were detected in a silicon detector located at
backward angles (between 106° and 131°). The authors determined the 237U (n, f) cross
section in the following way:

o The energy scale for the 23°U(n, f) cross section was converted to excitation energy
by adding the 2*U neutron separation energy (.S, =6544.5 keV).

o The product of the % ratio and the shifted 2°U(n, f) spectrum yielded the
270 (n, f) spectrum as a function of excitation energy.

o The #"U(n, f) energy scale was shifted back by subtracting the 23U neutron
separation energy (S, =6152.0 MeV) to obtain the 237U(n, f) cross section at the
appropriate neutron energy.

Figure 2.13 shows the nice agreement between the obtained 237U (n, f) cross sections
determined using the ratio approach and evaluated data by Younes et al. ([Younes 05]).

237U(n 1) cross-section (b)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Equivalent neutron energy (MeV)
Figure 2.13: "U(n, f) cross section obtained with the SRM (red triangles) compared

to theoretical estimates proposed by Younes et al. (blue squares, no error
bars). [Burke 06]

The theoretical investigations of the SRM that have been detailed in section 1.7.1
were motivated by the latter experiments. Under the condition that the two involved
reactions are sufficiently similar ([Escher 06]), the SRM is found to minimize uncertain-
ties arising from pre-equilibrium decay and angular momentum effects. Note that, in
the two previous experiments, the involved target nuclei have similar mass, deformation
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and nuclear structure with equal GS spin and parity. If the angular momentum effects
impact both reactions in a similar manner, their effects are expected to approximately
cancel in the ratio method. However, if the two involved reactions are not sufficiently
similar, the discrepancies may be enhanced.

In 2007, B. Lyles et al. applied the ESRM to determine the 2*U(n, f) cross section
([Lyles 07]). The #°U(3He,af)?*'U* and 38U (*He, af)*"U* reactions were used as
surrogates for 233U (n, f) and 23U (n, f), respectively. The ESRM was used to determine
the 236U (n, f) cross section. The results are compared to directly measured cross sections
in figure 2.14. The SRM ?*U(n, f) cross section is consistent with evaluations from 3.5
to 20 MeV, but significant deviations are observed below 3.5 MeV. The discrepancies at
low energy can be explained by the different nuclear structure of the two involved target
nuclei ?°U (GS = 7/27) and ?®U (GS = 07). Moreover, we recall that the cross section
for 25U (n, f) determined via the ASM was found to be below the neutron-induced data
for £, < 1.5 MeV (cf figure 2.2). According to us, the cross sections for 23U (n, f)
obtained via the absolute surrogate measurement could be very useful to understand
the origin of such discrepancies. Unfortunately, these data were not shown in [Lyles 07].

A similar ESRM experiment was done in 2009 by B. Goldblum et al. by performing a
(*He, ) reaction on targets of »*T'h and U ([Goldblum 09]). The #*Th(*He, o f)*'Th*
and BU(3He, af)®°U* were surrogates for *°Th(n, f) and #**U(n, f), respectively.
Above 1.5 MeV, the shape of the 2°T'h(n, f) cross section obtained using ESRM trends
nicely with direct measurements. At low energies, important discrepancies are observed.
Note also that low-energy resonances near 700 keV, 1.2 MeV, and 1.8 MeV observed in
the Meadows and Muir data are not resolved in the surrogate measurement. Results are
shown in figure 2.15.

Recently, Lesher et al. compared the surrogate fission-probability ratio 31U (a, o/ f)
over 29U (o, o ) with the ratio of cross sections 33U (n, f) over ?*>U(n, f) ([Lesher 09]).
234U

The measured fission-probability ratio I}Z%ﬁ’&;; i

ENDF cross section ratio in figure 2.16. These ratios were found to be in agreement
above 1 MeV. Below this limit, the observed deviations of about 20% below 1 MeV are
possibly the result of the Weisskopf-Ewing approximation not being satisfied. This work
had the particularity to be related to two well-known cross sections. Moreover, the same
ratio was studied within the theoretical investigations of J. Escher et al. ([Escher 06]).
Comparison between theory and experiment provides evidence that the SRM reduces
angular momentum effects in this case.

was compared with the corresponding

Very recently, Ressler et al. measured the 23® Pu(n, f) cross section using ?** Pu(a, o/ f)
239 Py* as surrogate ([Ressler 11]). In this work the ratio analysis was made with two
different reference fission cross sections 34U (n, f) and #**U(n, f), where the surrogate
reactions used were 25U (o, o' f)?3°U* and U (v, o/ f)?3U*. In figure 2.17, one observes
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Figure 2.15: 29Th(n, f) cross section obtained from a ESRM analysis using ?°U(n, f) as
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reference cross section and (*He, o) surrogate reactions. The low neutron-
energy range is zoomed on the right part. The squares represent the surro-
gate data, the coloured circles and triangles are the existing neutron-induced
data and the solid line is the ENDF/B-VII evaluation. [Goldblum 09]
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ratio measurements (relative to #*U(n, f) and #**U(n, f)) compared to
neutron-induced data. [Ressler 11]
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at lowest energies deviations of the measured SRM cross sections for 23 Pu(n, f) with
respect to the neutron-induced data depending on the reference used. Angular momen-
tum effects may be responsible for these deviations because of important differences of
GS spin and parity in the target nuclei (%+ for 28 Pu, I~ for #5U and 0% for »'U).
The difference in the neutron-binding energy and the mass of the reference nucleus may
also play an important role. Actually, higher-mass Pu isotopes may probably be better
to use as reference but such radioactive targets are very difficult to obtain. Neverthe-
less, this work confirms that for higher neutron energies, the differences in mass and
proton number of the reference isotopes do not play a significant role. Note that the

over-estimation found at the highest energies is not explained in [Ressler 11].

2.2.1.2 ESRM applied to radiative capture

In [Goldblum 08], an experimental set-up close to the one used by the CENBG ([Boyer 06])
was used to determine (n, ) cross sections via the ESRM. The ™Y b(n, ) cross section
in the neutron energy range of 165-465 keV was inferred from the experimental vy-decay
probabilities of 1"'Y'b* and 1! Dy*. Two types of surrogate reactions were used:

o MYb(3He? He'y) relative to 1 Dy(n,~) via ' Dy(3He,®* He'v) and,
o 2Yb(3He, ay) relative to 9 Dy(n,~) via 12Dy(3He, a).

According to the authors, the inelastic-scattering (*He,? He'y) mode has a tendency to
populate low-lying collective states (such as the ones of the ground-state rotational band)
and compound-nuclear resonances, whereas single-nucleon pickup processes (*He, ay)
tend to populate states via particle-hole excitations with a wide range of spins. For
us, another important aspect is the difference in the G S spin-parity with respect to the
reference nucleus. The (*He,® He'vy) is performed on even-Z, odd-N targets of 'Yb
and %' Dy with GS of 1/27 and 5/27, respectively, while the (*He, ay) surrogate re-
action is performed on even-even targets with GS = 07. The difference in mass may
also be a potential issue between the Yb and Dy isotopes ([Ressler 11]). The results
are presented in figure 2.18 and one observes that the surrogate cross section extracted
using the (*He,3He'vy) reaction overlaps within the systematic error with the cross sec-
tion extracted using the (*He, ay) reaction, indicating no significant entrance-channel
effects. This observation is in contradiction with the theoretical studies of J. Escher et
al. ([Escher 06]). In any case, this can not be attributed to the validity of the Weisskopf-
Ewing approximation in this low excitation-energy range. The agreement found strongly
suggests that the dependence of the y-decay probabilities on angular momentum are at
least partially canceled in the surrogate ratio analysis.
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Figure 2.18: 'Y b(n,v) cross section as a function of equivalent neutron energy. The
results were extracted using the SRM relative to the well known % Dy(n, )
cross section. The data corresponding to the (3He,® He') surrogate reac-
tion are represented by the open circles and the ones corresponding to the
(3He, o) reaction by the red triangles. For comparison, the directly mea-
sured 'Y b(n, ) cross section is denoted by filled squares. [Goldblum 08§]
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In [Goldblum 10], the same ratio methodology as above was applied to infer capture
cross sections for 1 Dy(n, ) via two different means:

o 2Dy(®He,® He'y) relative to 0 Dy(n, ) via ' Dy(*He,? He'vy) and,
o 3Dy(®He, ar) relative to ' Dy(n,v) via 12 Dy(®He, avy).
In parallel, the same capture cross section was deduced via:

o 2Dy(3He? He'y) relative to 1% Dy(n,v) via ' Dy(3He, 3He'y).

As shown in the left part of figure 2.19, the ESRM cross section of 1 Dy(n,~) is given
using two different y-ray energy thresholds, namely 500 keV and 2 MeV. The ESRM
161 Dy(n,~) cross section was again found to be independent of the type of surrogate
reaction employed, within the total uncertainty, indicating as previously no significant
entrance-channel effects. The authors applied a 500-keV v-ray energy threshold to ex-
clude contributions from the (n,n’y) channel up to an equivalent neutron energy of 500
keV. The surrogate data are systematically lower by a factor 2 than the evaluated result.
With a 2-MeV q-ray energy threshold, the %! Dy(n, ) surrogate cross section agrees with
the evaluation within big uncertainties. Note that the SRM involves in this case dissim-
ilar (in spin and parity) target pairs (11716 Dy). With a similar target pair (11713 Dy),
one may expect to apply the SRM with better confidence. The right part of figure 2.19
shows a better agreement between the surrogate data and the direct measurement. One
should stress that the surrogate data with a 500 keV ~-energy threshold was again found
to be under-estimated. With application of the 2 MeV threshold, the average deviation
between the surrogate and evaluated data was approximately 12%. According to the
authors, the agreement is increased by putting a higher gamma threshold because above
the pairing gap (which is particularly high for 2Dy and 1**Dy, A = 1,85 MeV and
A = 1,70 MeV, respectively). The fraction of v-decays that proceed through resolved
states is diminished or suppressed. Only v rays from the first-generation statistical cas-
cade (called statistical gamma-rays in literature) are detected and the Weisskopf-Ewing
approximation can be applied. According to us, this interpretation needs to be discussed.
We will see later how our work can bring a new point of view on these results.
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Figure 2.19: 11 Dy(n,~) cross section extracted using the ESRM with the evaluated
10 Dy(n,~) and '®3Dy(n,v) cross sections (ENDF/B-VIL.0) as references.
The results corresponding to the (*He,®> He') surrogate reaction are rep-
resented by the open circles and the ones corresponding to the (*He, a)
reaction by the solid squares. The evaluated '® Dy(n,~) cross section is
denoted by solid lines. On the upper part , a y-ray energy threshold of 500
keV was applied, while a 2 MeV threshold was used for the data shown in
the lower part. [Goldblum 10]
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Let us now recall the ASM performed by Scielzo et al. ([Scielzo 10]) where (p,p’)
surrogate reactions were used to infer %1%7Gd(n,~) cross sections. As illustrated in
figure 2.9, the data and the statistical calculations highlighted the effects of the JII
mismatch between the desired and surrogate reactions; discrepancies of the order of a
factor of 2 were observed. Since the %°Gd and *"Gd nuclei are structurally very similar
(they are well-deformed and both have ground-state spin and parity 3~ ), a ESRM was
applied. Results are shown in figure 2.20. The cross-section ratios (deduced from the
2t — 07 and 4 — 2% transition intensities) are seen to differ from the desired ratio
by a factor 2 for energies below about E, = 0.7 MeV. Above this energy, they rapidly
converge (within huge error bars) to the reference ratio. Thus, the ratio approach seems
to somewhat reduce the effect of the JII mismatch on the extracted cross sections for
energies where the WE approximation is not valid ([Scielzo 10]).

Finally, in 2010, "™17Yb(d, py) reactions were measured by Hatarik et al. using
the STARS/LiBerACE array ([Hatarik 10]). In this ESRM application, the capture
ratio was deduced from measured ground-state band low-lying transition intensities.
In addition, the intensities of the selected ~v-ray transitions were simulated using the
DICEBOX code. Each simulation was done for an excitation energy of 100 keV above
the neutron separation energy, with one simulation for each spin-parity combination from
JII = 0~ to JII = 7. The comparison of the simulation with the observed intensities
for the 67 — 4T and 4T — 2% transitions indicates that the average angular momentum
transferred in the (d,p) reaction is about 3 A, whereas neutron capture in the keV
region is mostly dominated by s-wave capture (where the average angular momentum
is about 1 h). To correct for the JII mismatch, the intensity of the 47 — 2% transition
was determined with the 67 — 47 transition intensity subtracted. According to the
authors, subtracting the feeding from the 6 state to the 47 state will likely select a
compound-nuclear JII distribution closer to the one populated by the neutron-induced
reaction. Indeed, above 100 keV, the surrogate cross-section ratios deduced from the
LY h(d, py) measurements agree with the neutron capture results within 15% (see
figure 2.21). Note that the studies of the (d,p) reactions are of interest for the use of
the surrogate method using inverse kinematics.
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Figure 2.20: Ratio of "Gd(n,~) and ®>Gd(n,) cross sections compared to the ratio
of the reference cross sections (black solid line). Also shown are the ra-
tios of the calculated probabilities for the distributions given in table 2.1.
[Scielzo 10]
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Figure 2.21: Comparison of the cross-section ratio obtained in neutron-induced reactions
with the results from (d, py) measurements using the 47 — 2% transition

intensity with the 67 — 4% transition intensity subtracted. [Hatarik 10]
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2.2.2 The internal surrogate ratio approach

In the internal surrogate ratio method (ISRM), for a given surrogate reaction, two exit-
channel probabilities (e.g. fission and radiative capture) are measured. In [Allmond 09],
the 2*U(d,py) and (d,pf) surrogate reactions were used to test the validity of the
ISRM by comparing their probability ratios to the known 23U (n,v) and (n, f) cross-
section ratios. Note that « yields are inferred from the 1= — 2% low-lying transition
intensity in 2°U*. Results are shown in figure 2.22. The average deviation is 23% for
0.9MeV < E,, < 3.3MeV.
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Figure 2.22: 2¥U probability ratios Eg’g ;; (ISRM) compared to the reference ratio %

(given by ENDF) [Allmond 09]

We recall the studies of L. Bernstein et al. and J. Burke et al. relative to the same
(cr, ) surrogate experiment:

« in Ref. [Bernstein 06], the 237U (n,~) was deduced via an ASM analysis.

o in Ref. [Burke 06], the 2"U(n, f) cross section was determined applying the ESRM
with 23U (n, f) as reference.

The coupling of both data enables to extract the 237U(n,~) cross sections using an
«internal ratio» to the fission probability. As illustrated in figure 2.8, the obtained
ISRM cross section is found to be lower than the cross section obtained in the ASM
analysis. However, the ISRM data are still a factor of 2 too high. We stress again
that this work remains unpublished. According to us, a comprehensive theoretical and
experimental «benchmarking» of the ISRM remains to be done.
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2.2.3 The hybrid surrogate ratio approach (HSRM)

In 2008, the *3Pa(n, f) cross section was determined relative to the ?3°U(n, f) cross
section by applying the HSRM with the two surrogate reactions 2*Th(°Li, a)** Pa and
232Th(°Li, d)**U ([Nayak 08]). Measurements were done at equivalent-neutron energies
above 12 MeV where the Weisskopf-Ewing assumption should be valid. However, at
these energies, no neutron-induced data are available for comparison. As illustrated in
figure 2.23, the HSRM data are in good agreement with a calculation that was adjusted
to reproduce M. Petit et al. data ([Petit 04]) at lower energies. According to us, the
conditions under which the HSRM will work are very unclear. Firstly, there is still
no knowledge on the difference of spin-parity populated in the transfer reactions used.
Secondly, the decaying compound nuclei are dissimilar and there is no reason to expect
that the deviations with respect to the neutron-induced reactions will be the same for
the two surrogate reactions.
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Figure 2.23: Experimental 233 Pa(n, f) cross section using the HSRM compared to EM-
PIRE calculations. [Nayak 08]
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2.3 Summary and context of our experiment

The state-of-the-art of surrogate experiments is summarized in tables 2.2 and 2.3.

Neutron-induced fission cross sections (n, f) obtained with the absolute surrogate
method (ASM) are in general good agreement at the fission threshold with the neutron-
induced data. However, in the case of fissile nuclei, an important over-estimation (about
50%) is predicted at low neutron energies, namely £, 500 keV. Above this limit, fission
cross sections can be extracted within 10-20% uncertainties.

Neutron-induced capture (n,7v) cross sections are very difficult to obtain with the
ASM. Moreover, there is a general lack of neutron-induced data and a-posteriori com-
parison with ASM capture cross sections is often not possible. Since the energy range of
interest for radiative capture is located at low excitation energies, theoretical investiga-
tions predict that the capture channel is more sensitive to the JII mismatch than fission.
One should not forget that radiative capture cross sections are expected to decrease very
quickly. In the region where capture only represents few % of the decay, any variation of
few % due to the JII mismatch represents in relative several factors. Over-estimations
of the neutron-induced capture cross-sections by a factor 3 have been observed recently
(see Ref. [Scielzo 10]) using a (p,p’) surrogate reaction in the rare-earth region. At the
lowest energies important discrepancies have also been observed using the (d, p) reaction
in the actinide region but a nice agreement has been obtained above 500 keV neutron
energy (see Ref. [Wilson 11]). Therefore, further investigations need to be done.

Initially developed to reduce systematic uncertainties, the «externaly SRM (ESRM)
is the most commonly used of the SRM variants. Both, calculations and experiments
show that the angular momentum effects can be compensated in the SRM. When the
two reactions used are sufficiently similar, the spin-parity mismatch could affect both
reactions in the same manner. Nevertheless, many ESRM experiments applied to fis-
sion are found to fail at the fission threshold (see Refs. [Lyles 07], [Goldblum 09] and
[Ressler 11]). The reason is that in some cases, using dissimilar compound nuclei, angu-
lar momentum effects are enhanced and the SRM fails. In general, fission cross sections
are found to be in good agreement with direct measurements above about 2 MeV. Be-
cause of the insensitivity of the ratio to pre-equilibrium effects and to contaminants,
ESRM measurements give better results than the ASM from the first-chance fission up
to about 12 MeV. Uncertainties are about 5-15%.

The ESRM has also been recently used for the determination of capture cross sections.
The results, with certain restrictions on =y detection (transitions and/or energies), tend
to show a convergence within 20% with direct data. The Weisskopf-Ewing breakdown
observed in the ASM is compensated in the SRM. When the two compound nuclei used
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in the ratio are similar enough, the SRM works well above 600 keV neutron energies using
a (a,a’) reaction for instance (see Ref. [Scielzo 10]). However, in Ref. [Goldblum 08],
even though the two compound nuclei of the ratio have different ground-state JII and
masses, an excellent agreement is found between SRM and neutron-induced data even
at the lowest energies. According to us, the conditions under which the SRM can be
used with confidence are still very unclear.

As mentioned before, ISRM and HSRM need a comprehensive theoretical and ex-
perimental «benchmarking». In our opinion, the reasons why these two methods give
suitable results are still unclear.

As a conclusion, we believe that it is important to investigate the surrogate method
independently from the Ratio approach. In the latter, angular momentum effects might
cancel and a straightforward interpretation is rather difficult. We would like to stress
that, in a phase of understanding, the ASM is the best way to investigate the spin-
parity mismatch in the entrance channel and the associated effects. That is why we
have chosen to investigate the surrogate method applied to capture in its standard form.
In addition, we use target nuclei in the rare-earth region instead of actinides to avoid
the contamination caused by the ~-rays emitted by the fission fragments. Also, there
exist high-quality data for the neutron-induced cross sections associated to the nuclei
that we investigate in this work.

79



Chapter 2 Review of experiments based on the surrogate method

Agreement with

Surrogate reaction Desired reaction Reference neutron-induced

data
230-2347p (py, f), 229-232 Py, £)
(t,pf), (d,pf), (t,df) 232=2407 (n, f), 2327238 Np(n, f) J.D. Cramer et al.[Cramer 70b][Cramer 70a][Britt 70] Vv

(3He, df), (3He,tf) 286=244 py(n, f), 238247 Am(n, f) H.C. Britt et al.[Britt 80][Britt 79] (LANL) within

(0.9 f), CHe,pf) 24=250Cmy(n, f), 2447248 Bk(n, f) B.B. Back et al.[Back 74a][Back 74b] 30%

252_2536’f(n,f), 255_256E8(n,f)
232Th(3He,pf)234Pa* 233Pa(n,f)
232Th(3He,tf)?32Pa* 231 pa(n, f) M. Petit et al.[Petit 04] (CENBG) Vv
232Th(3He, af)QSlTh* 230T]’L(TL, f)
232Th(3He, py)234 Pa* 233 Pa(n, ) S. Boyer et al. [Boyer 06] (CENBG) ?
2387 (o, o y) 238U 237U (n, ) L. Bernstein et al. [Bernstein 06] (LLNL/LLBL) @ by a factor 3
238U (3He, af)?37U* 236U (m, f) B.F. Lyles et al. [Lyles 07] (LLNL/LLBL) Enzl.5 MeV
2387 (3He,tf)?38 Np* 237 Np(n, f) M.S. Basunia et al. [Basunia 09] (LLNL/LLBL) Vv
243Am(3He, df)244C’m* 2453‘077,L(n7 f) \/
23 Am(3He, tf)?*3Cm* 222Cm(n, f) G. Kessedjian et al. [Kessedjian 10] (CENBG) v
243Am(3He,af)242Am* 241Am(n, ) \/

154Gd(p,p”y)154Gd* 153Gd(n,’y) ?

156Gd(p, p'y) 155 Ga~ 155Gd(n, ) N.D. Scielzo et al. [Scielzo 10] (LLNL/LLBL) @ by a factor 3
158Gd(p, p'v) 158 Gd* B7Gd(n, ) @ by a factor 5
232Th(d, pvy)233Th* 232Th(n,~) J. Wilson et al. [Wilson 11] (OSLO/IPNO) nZ500 keV
174Yb(3H6, p’y)176Lu* 175Lu(n, ’Y)
174y b(3He, dy)1 70 Lu* 74 Lu(n, ) (this work)
174Yb(3He, t’y)176Lu* 173Lu(n, "/)
174Yb(3H€7 ow)”ﬁLu* 172Yb(n,'y)

Table 2.2: Overview of ASM applications (until 2011). The symbol 4/ indicates an overall good agreement with neutron-
induced data and the symbol ) indicates important discrepancies. In the case where the surrogate data could
not be compared with neutron-induced data, the symbol 7 is used.
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Desired Surrogate Reference Surrogate reaction Reference Agreement with

reaction reaction reaction for reference reaction neutron-induced data
2367/ (n, f) 236y (d, pf) 238U (n, f) 238U(d, pf) C. Plettner et al. (Yale/LLNL) poor
27U (n, £) 23877 (d, d' f) 2357 (n, f) 23617 (d, d' f) [Plettner 05] statistics
237U (n, f) 238U (v, @' f) 2350 (n, f) 236U (v, @' f) J.T. Burke et al. (LLNL/LLBL)[Burke 06] En 2500 keV
236U (n, f) 238U (3He, af) 233U (n, f) 235U (3 He, af) B.F. Lyles et al. (LLNL/LLBL) [Lyles 07] E,Z3 MeV
170V b(n,y) | Y"1Yb(3He,® He'y) | Y0Dy(n,~v) | 61Dy(3He,? He'v) B.L. Goldblum et al. (LLNL/LLBL/OSLO) E, 2150 keV
70Yb(n, ) 12y b(3He, avy) 160 Dy(n,v) 162 Dy(3He, ay) [Goldblum 08] E,, 2150 keV
233U(m, f) 24y (a, ' f) 235U (n, f) 236U (v, o' f) S.R. Lescher et al. (LLNL/LLBL)[Lesher 09] w2l MeV
21Th(n, f) | 232Th(®He He'f) | 235U(n, f) 236y (3He,® He' f) B.L. Goldblum et al. (LLNL/LLBL) ?
230Th(n, f) 232Th(3He, af) 2347 (n, f) 236U (3He, af) [Goldblum 09] w1 MeV
161 Dy(n,v) | 92Dy(3He,® He'y) | 183Dy(n,v) 164Dy (3 He,3 He'y) B.L. Goldblum et al. E, 2150 keV
61 Dy(n,v) | 192Dy(*He,® He'y) | '69Dy(n,~) 161 Dy(3He,® He'y) (LLNL/LLBL/OSLO) E, 2150 keV
161 Dy (n, ) 163 Dy(3 He, ay) 160 Dy(n,v) 162 Dy(3 He, ay) [Goldblum 10] EnzZ150 keV
1Y b(n, ) 171y b(d, py) 73y b(n,v) 173Yb(d, py) R. Hatarik et al. (LLNL/LLBL)[Hatarik 10] E,, 2100 keV *
238 py(n, f) 239 Py(a, o f) 23577 (n, f) 2360 (v, ' f) J.J. Resler et al. (LLNL/LLBL) w2l MeV
238 py(n, f) 239 Pu(a, o f) 2340 (n, f) 235U (v, @' f) [Ressler 11] nZ3 MeV
239 Np(n, f) 238U (3He, pf) 237 Np(n, f) 236U (3He, pf) E. Norman et al. (LLNL/LLBL) (to be published)

Table 2.3: List of ESRM experiments (until 2011). (* data corrected from spin-parity mismatch)
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Experiment & Data analysis

“Il n'y a pas une méthode
unique pour étudier les choses.”

(Aristote)






Chapter 3

Experiment

In this work we investigated the interaction of a *He beam with a ™Yb target. The
main reactions considered are shown in figure 3.1:

BLlu(n,y)  *Lu(ny)  *Lu(n,y)

174Lu* 175Lu* 176Lu*

X
%

&

173yp* 174Yb

72Yb(n,y)

N
| Surrogate reaction | CN | o(n,y) | T |
Yy b(He,py) | Lu* | Y Lu(n,y) | stable
My vBHe,dy) | "™ Lu* | "™Lu(n,v) | 3,31y
My bv(BHe,ty) | "™Lu* | 'S Lu(n,y) | 1,37y
Myb(PHe,3He'vy) | 1™Yb* | 13Yb(n, ) | stable
MY b(PHe,ay) | 'BYb* | 1Yb(n,) | stable

Figure 3.1: Transfer channels available in our experiment and corresponding (n, ) cross
sections that can be in principle inferred via the surrogate method.

In principle, this surrogate experiment can be used to determine several neutron-
induced cross sections. The experiment was realized at the tandem accelerator of the
IPN Orsay during winter 2010.
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3.1 Beam energy

elastic scattering -

inelastic scattering =~ ~ <

~ ~ s
Figure 3.2: Representation of different reaction mechanisms as a function of the impact
parameter b.

When a charged projectile approaches a target, it experiences the long range repulsive
Coulomb force that is proportional to the charges of the two nuclei and the attractive nu-
clear force that only acts over short distances. The reaction mechanisms are determined
by the impact parameter b (cf. figure 3.2). For high impact parameters, the effect of
the nuclear potential can be be neglected in comparison with the Coulomb force. Under
these conditions one says that the particle undergoes Rutherford scattering or Coulomb
excitation. For lower impact parameters, when the projectile gets very close to the tar-
get, both nuclear and Coulomb forces play a role and nuclear reactions can occur. When
the collision is central, the predominant reaction is the fusion of the projectile with the
target nucleus. When the collision is peripheral, the probability to exchange only few
nucleons increases. In this case, inelastic and transfer reactions are predominant.

Obviously, it is not possible to control the impact parameter experimentally but one
can favour the mechanism of transfer by adjusting the beam energy. At energies close
to the Coulomb barrier, defined as the threshold kinetic energy for nuclear interactions,
the transfer rate is known to be maximized ([Derkx 10]). Actually the Coulomb barrier
is given by:

B — 62 Zprojectile-Ztarget (3 1)
“7 4rey R, '
where 476; = 1,44 MeV .fm is a term relative to the charge of the electron and R, corre-

sponds to the distance of closest approach in absence of nuclear interactions. Assuming
that R, is independent of energy and is characteristic of the system considered, R, is
determined with systematics given by ([Bass 80]):
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3.2 Experimental set-up: overview

Rc ~ Rprojectile + Rtarget +3.2 (32)
with

Ri=1.12x A® —0.94 x A;/? (3.3)

Hence, the Coulomb barrier relative to the reaction 3He +'™ Y'b is:

B, = 19,67MeV (3.4)

In our case we have chosen a projectile energy of 24 MeV:

Bspe = 24MeV (3.5)

The 3He beam was provided by the tandem accelerator of the IPN Orsay. Its nominal
voltage is 15 MV and the accelerated ion beams range from protons to gold. In our case,
the beam intensity was 20 particles nA.

3.2 Experimental set-up: overview

The principle of an absolute surrogate experiment has been explained previously in
section 2.1. For completeness, we recall how the radiative capture probability is experi-
mentally obtained:

Ncoinc(E*)

—_— 3.6
Nsingle(E*)'E'y ( )

CN *\
P’y (E ) -
where:

o Nyingie(E*) is the total number of different ejectiles, each being associated to a

compound-nucleus. The identification of the ejectiles was performed by two tele-
scopes AFE — F.

o Nevine(E*) is the number of 7-cascades detected in coincidence with an ejectile.
To determine the number of capture events we used four CgDg scintillators. They
have the advantage of allowing for a good discrimination between photons and
neutrons. The ™Yb target was also surrounded by six germanium detectors.

¢, is the detection efficiency of our experimental set-up for capture events.

Figure 3.3 illustrates our experimental set-up. The telescopes and the target were
located in a thin aluminium reaction chamber with internal vacuum. The stable YD
target was fabricated at the SIDONIE facility (mass separator) of the CSNSM laboratory.
The YD sample had a thickness of 250 pug/cm? and was deposited onto a carbon foil
of 50 pg/cm?.
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6 Germanium detectors 4 C¢Dg scintillators

3He beam
E =24MeV

projectile

Figure 3.3: Top view of our experimental set-up.
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3.3 Identification of decaying nuclei

3.3 Identification of decaying nuclei

3.3.1 Identification of the transfer channels with AF — E telescopes

The 3 He beam interacts with the ™Y b target leading to a panel of nuclear reactions. In
order to identify the compound-nucleus formed, it is necessary to identify the associated
transfer channel, namely the corresponding ejectile. For instance, the detection of a
proton signs the production of the compound-nucleus "®Lu*. The ejectiles are fully
identified by two large area AFE — E telescopes placed symmetrically at 130° with regard
to the 2He beam. The ejectiles are detected at backward angles for two important
reasons:

« to avoid detector saturation caused by the detection of the elastic scattered >He
beam.

o to keep the excitation-energy range of interest free from events arising from the
interaction of the beam with the carbon backing or target impurities. Note that
this kind of considerations is very important for applications of the absolute sur-
rogate method. If ejectiles produced in transfer reactions on the carbon backing
or on impurities contaminate the spectra, we make a wrong identification of the
decaying nucleus and determine a wrong number of compound nuclei. The events
originating from the carbon backing are usually subtracted, however it is crucial to
minimize this contribution which is an important source of systematic uncertainty.

The AFE detectors were two 300 pm silicon detectors of design W1 from the company
Micron Semiconductors. The 16x16 X-Y strips configuration provides the angle of the
detected particle with an angular coverage of 107° to 150°. This 50x50 mm? double-
sided p-on-n silicon structure has been extensively studied in [Soisson 10]. The intrinsic
energy resolution oap as determined with a non-collimated standard 3« source, is 19.25
keV for the 4! Am alpha (cf left part of figure 3.4). During the beam time, the detectors
were shielded against de~ coming from the target with a thin Mylar(Al) foil polarized
at -300V. This electrostatic screen is used to prevent any decrease of the amplitude
signal and the energy resolution. To avoid border effects and electrostatic perturbations
a nickel frame of 2 mm thickness was positioned in front of the AFE detectors. As a
consequence, the strips at the edges of the detector could not be used, see the outer
area of the red square of figure 3.5. The E detectors were two Si(Li) detectors of 3
mm thickness with a 58x58 mm? active surface. At ambient temperature, the intrinsic
energy resolution og, as determined with a non-collimated standard 3a source, is 40.46
keV for the 24! Am alpha (cf right part of figure 3.4). The final geometry of our telescopes
is given in figure 3.6 and a front view of the reaction chamber is shown in figure 3.7.
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’ Isotope \ Average E,(MeV) ‘

239 Py 5.149
21 Am 5.480
MCm 5.795

AE - Strip Y2_08 - Source 3 o

40

30

20

10

5%00 5100 5200 5300 5400 5500 5600 5700 5800

Constant 63.46 +0.21

Mean 5474 +0.1

Sigma  19.25 + 0.09

E (keV)

AE: FWHM~45keV

Figure 3.4: Intrinsic energy resolution of the AE and F detectors obtained with a stan-
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dard 3a source, see text for details.

Figure 3.5: Telescope detector. The red frame illustrates the real active area and opening

Telescope AE — E assembly

angles taking into account the nickel collimator.
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Figure 3.6: Geometry of the telescopes.
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Figure 3.7: Front view of the reaction chamber. At the centre, one distinguishes the
1y’h target surrounded by the two telescopes shielded with nickel frames
and thin Mylar(Al) foils. The support for the telescopes and the reaction
chamber have been designed and constructed at the CENBG.

91



Chapter 3 Experiment

The principle of the AF — E identification of the ejectile is based on the Bethe and
Bloch formula [Leo 87], the energy loss AFE of a nucleus in matter depends on its kinetic
energy E. , its charge Z and its mass A:

AZ?

E.

Representing AFE vs. the residual energy FE, which is directly related to E., one

obtains different hyperbolas corresponding to the different ejectiles. These hyperbolas
are separated by a factor proportional to AZ?(cf. figure 3.8).

AFE x (3.7)

15 10?

10

10

0 5 10 15 20 25
E (MeV)

Figure 3.8: Identification matrix AE — E for the strip Y2_08 (6 = 130, 19°).
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3.3 Identification of decaying nuclei

3.3.2 Excitation energy of the compound-nucleus

The kinetic energy of the ejectile E, is given by the total energy loss in the telescope:

E,=AE+E (3.8)

To be rigorous, one should also use Ziegler tables to compensate for the energy loss
in the 2 um Mylar(Al) foil. For example, the corresponding energy loss is nearly 7 keV
for protons at 20 MeV. As we will see later, these values are negligible in comparison
with the excitation-energy resolution of our detectors. Therefore, we decided to neglect
this correction. The emission angle is precisely given by the position of the pixel XY
of the AFE detector that has been traversed by the ejectile. Nevertheless, to ensure
enough statistics, we prefer working only with the vertical strips of our AE detectors.
This choice involves a larger angular uncertainty for the strips which correspond to large
angles. The strips identification is given in figure 3.9. The average emission angle of the
ejectiles hitting the different Y-strips and the angular standard deviation were obtained
with a Monte-Carlo simulation and are listed in table 3.1.

BEAM

330

o Target

0

Y

Figure 3.9: Schematic view of the telescopes setup. The vertical (Y) strip number is
given.

Applying two-body kinematics, the excitation energy of the compound-nucleus can
be deduced from the kinetic energy and emission angle of the corresponding ejectile. In
the case of a transfer reaction X (a,b)Y, the characteristics of each particle are listed
in table 3.2, where M corresponds to the atomic mass, F. is the kinetic energy and
v is the velocity vector of the particle. Note that the recoiling nucleus Y is here the
compound-nucleus formed in the transfer reaction.
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| Strip Vi | Mean angle: fy; (°) | 09,,(°) | Mean thickness dy; (um) | o4y, (um) |

1 150.008911 2.310522 331.541 12.980
2 147.429443 2.188386 326.966 8.384
3 144.729294 2.072329 321.922 8.397
4 141.962967 1.957487 317.596 8.368
> 139.095444 1.843308 314.117 8.385
6 136.177231 1.736199 311.473 8.424
7 133.195618 1.627700 309.721 8.428
8 130.191895 1.523163 308.852 8.425
9 127.165871 1.418898 308.830 8.438
10 124.151871 1.324940 309.705 8.441
11 121.160835 1.231485 311.460 8.416
12 118.198067 1.145601 314.140 8.478
13 115.302895 1.058899 317.613 8.338
14 112.467880 0.986202 321.918 8.402
15 109.722717 0.916909 326.974 8.397
16 107.065254 0.848750 331.637 12.717

Table 3.1: Mean angle and mean thickness of Y strips, with associated errors, determined
with a Monte-Carlo calculation.

5 7 ’ Particles \ Parameters
X (target) Mx
a (projectile) M,, E.., v,

., Ry ‘ o
& v ' b (ejectile) My, Ec, vy
. ) \ Y (recoiling nucleus) | My, E.y, vy

Table 3.2: Two-body X (a,b)Y nuclear reaction scheme and associated parameters.

The conservation of the total energy (shared between kinetic and excitation energies)
gives :
Eca = (Ecb + E;) + (ECY + E;k/) - Q (39)

where () is the Q-value of the reaction and Ej, E5 are the excitation energies of the
ejectile b and the recoiling nucleus Y, respectively. The highly asymmetric projectile-
target combination presents the advantage that the excitation of the ejectile can be
neglected. We assume that the excitation energy is fully transferred to the recoiling
nucleus which has a much higher level density.

The conservation of the total momentum gives:
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3.3 Identification of decaying nuclei

e in 7 direction:
M,v, = Myvycost + My vy coso (3.10)

 in ¢ direction
0= MbvbsinH + Myvysz'ngb (311)

Using the non-relativistic formula Mv = /2M E,, one obtains:

e in 7 direction:

V2M,Eey = \J2My Euycos + 1/2My Eoy cosd (3.12)

e in g direction:
0 =/2MyE4sind + \/2My E.y sing (3.13)

Using equations 3.12 and 3.13, equation 3.9 can be written as:

E. (M, — My) + Eq(My + My) — 2y/ My MyE, . Ecos0 — My (QQ — Ey) =0 (3.14)

In the context of a surrogate experiment, we are interested in the determination of the
excitation energy F5 of the compound-nucleus (i.e. the recoiling nucleus) as a function
of the emission angle 6 and energy FE,., of the ejectile:

MYQ - Eca(Ma - MY) - Ecb(MY + Mb) +2 MaMbEcaEchOSQ

E*=FE} = 3.15
; e (3.15)
The equivalent neutron energy can then be deduced from:
My
E, = E*— S, 3.16
T (7= 5) (3.16)

where, as explained before, S, is the one-neutron separation energy for the compound-
nucleus Y. Reaction parameters for each transfer channel are reported in table 3.3.

| Reaction | X [ a [ b ] Y [|Quvalue(MeV)|S,(MeV) |
TV He, p) Lux | "Vb | °He | p | "Lux 14,080 6,288

d

t

"Yb(*He,d)'™ Lux "y | °He 75 Lux 40,017 7,667
My bCHe, t)!™Lux | 1™Yb | *He T4 Lux -1,393 6,761
My b(He? H)1™Ybx | ™Y | He | *He | ™Y bx 0 7,465
MY b(3He,a)'™Ybx | '™Yb | 3He | *He | ™Y b +13,113 6,368

H
H

Table 3.3: Reaction parameters and 5, values
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The total error on the ejectile energy (og,) is given by the quadratic sum of the
intrinsic resolution of the AE and F detectors:

(05,) = V(0a8)* + (05)° (3.17)

which gives approximately 44,8 keV. We remind that these values have been deter-
mined with a standard 3a source. This gives a good estimate for (o, ) even if we expect
some differences for more energetic particles. Moreover, the energy loss and straggling
due to the traverse of the target, carbon backing and Mylar foil are not taken into ac-
count. Finally, the total error on the excitation energy (og«) as a function of the detector
energy (og,,) and the the angular resolution (oy) can be written as:

(o) = (MYAZMZ’Y (05,)° + M‘%ﬁ;Ed’. <cosﬁ(9). ("EEb>2 + sin2(6). ()’
(3.18)

where we have neglected the errors related to the beam energy (og,,), the Q-value
of the reaction (0g), and the energy calibration. Table 3.4 illustrates the kinematic
calculations for the ™Y b(3He, p)'" Lu* reaction for various excitation energies E* at
different emission angles 6 of the ejectile. Calculations for the other transfer channels
are given in appendix B.

(MQV) 6}/14 = 112,460 ng = 130, 19° 0)/3 = ]_44, 73°
E* Ecb ‘ O g+ Ecb ‘ O g+ Ecb ‘ O g+
0 27,3219 27,1895 27,1036
d 22,3684 22,2485 22,1708

Sp,=6,288 | 21,0927 | 0,0470 | 20,9763 | 0,0487 | 20,9008 | 0,0489

10 17,4170 17,3112 17,2426
15 12,4688 12,3792 12,3211
20 7,5259 7,4562 7,4111

Table 3.4: Kinematic calculations for the ™Y b(3He, p)'™ Lu* transfer channel.

The error in the excitation energy is dominated by the ejectile energy resolution (op,, ).
It is important to note that for heavy recoiling nuclei (rare earths or actinides), the
angular dispersion term becomes very weak (~10keV/°) in comparison with a variation
of ~100keV /° for lighter recoiling nuclei originating from reactions on the carbon support
and the light target impurities.

96



3.3 Identification of decaying nuclei

3.3.3 Excitation-energy range accessible with our experimental
set-up

Ejectile identification is only possible if the ejectile goes through the AFE detector.
Eihreshold—300um is defined as the minimal energy for the ejectile to traverse the AF detec-
tor. Since we are studying the validity of the surrogate method to infer neutron-induced
cross sections, the excitation-energy range of interest is just above S,. A comparison
between the ejectile energy E., corresponding to the formation of a compound-nucleus
with £* = S,, and the threshold energy Fipreshold—300um is shown in table 3.5.

| Ejectiles || Einreshota—s00um || Ee for E* = S, | AE(300um) | E(3mm) |

D 6.129 21.0927 1.416 19.6

d 8.124 15.5518 3.2804 12.271

t 9.542 14.9219 4.7558 10.166
SHe 21.786 15.5938 15.5938 0

o 24.494 29.2424 16.113 13.13

Table 3.5: LISE++ energy-loss calculations in the AE — E telescopes.

For the (*He,p), (*He,d), (*He,t) and (*He, «) transfer channels, the excitation-
energy range above S, is accessible. Unfortunately, the kinematics of the inelastic scat-
tering (*He,?He') reaction is not favorable. Because of a zero Q-value and a higher
charge, most of the 2He’ scattered ejectiles are stopped in the AE detector. For this
reason, the (3He,3He') cannot be analysed'. Note that the (*He, ) transfer channel
can be analysed due to a high Q-value which permits to produce high-energy ejectiles
and associated compound nuclei with excitation energies above S,,.

3.3.4 The contaminants issue

Absolute surrogate experiments need pure targets. The presence of unknown impuri-
ties is responsible for transfer reactions that lead to decaying nuclei different than the
desired compound-nucleus. Unfortunately, it is very difficult to completely eliminate
contaminants. The main contaminants arise from reactions on 2C' and '3C from the
50 pg/cm? carbon backing. In addition, the oxydation of the target pollutes the energy
spectrum because of transfer reactions on ‘0. The consequence is the presence of broad
resonances in the singles spectrum. These structures correspond to the population of the
ground states and first excited states of the residual nuclei populated in the contaminant
transfer reaction, as detailed in table 3.6.

It is possible to correct for part of the contaminant events by subtracting the carbon
contribution. The latter is obtained from a measurement with a bare carbon backing

!Surrogate experiments using the (*He,3He') reaction need higher beam energies and thinner AFE
detectors (150 um for example).
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| Reaction [ Nucleus | E of first excited states (MeV) | Q-value (MeV) |
B2C(He,p) N+ 2.3129 3.9478 4.915-5.1039 4.779
BC(He,p) 1 N* 5.2704-5.2989 6.3239 7.1554 10.666
BO(CHe,p) | ®F* | 0.9371-1.110 |  1.701 2.1007 2.032
2C(*He,d) BN~ 2.365 3.511-3.547 6.36 -3.550
BC(PHe,d) U= 2.3129 3.9478 4.915-5.1059 2.057
YO(BHe,d) 17 0.4953 3.104 3.857 -4.893

Table 3.6: Excited states of the compound nuclei produced through transfer reactions
on target contaminants.

(coming from the same carbon layer) which can, after proper normalisation, be sub-
tracted directly to the measurement done with the 17Yb target. Nevertheless, this
subtraction is firstly an important source of systematic uncertainty and secondly, it does
not remove the events coming from reactions on 0. For these reasons, kinematic cal-
culations need to be done (cf figures 3.10 and 3.11 relative to the (*He, p) and (*He, d)
channels, respectively) in order to prevent for contamination coming from reactions on
oxygen and if possible, minimize the contribution of the carbon backing in the excita-
tion energy range of interest. From 110° to 150°, reactions on 2C and '*C pollute the
singles (and eventually the coincidence) spectrum in the range S, < E* < S,, + 2 MeV.
However, they are less important than in the region from 50° to 100°. Note that the
(3He, t) reaction is also corrected from a small background contribution coming from
the carbon backing and impurities. The (3He, o) channel is not polluted at backward
angles. Details are given in Chapter 4.
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Figure 3.10: Kinetic energy of the ejectiles (protons) as a function of the detection angle for the reaction

MYy b(3He, p)'" Lu* (full lines in red) for E* = S, and E* = S,, + 2 MeV; and for the ground (full lines)
and first excited states (dotted lines) of the nuclei *N*(blue), 1° N*(orange) and 8 F*(green) produced in
the parasitic reactions >?C(*He, p), *C(3He, p) and O(3He, p), respectively.
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3.4 Gamma-ray detection

3.4 Gamma-ray detection

As shown by equation 3.6, one needs to determine the number of radiative capture events
in coincidence with ejectiles.

3.4.1 Overview on experimental techniques used for capture
measurements

3.4.1.1 Total v-cascade detection with a 47 array

A way to overcome many of the difficulties related to capture measurements (see section
2.1.2) is to detect the complete vy-cascade with a 47 geometry and almost 100% efficiency
detector array. The most performing multi-sectional detector is the DANCE detector at
the Los Alamos National Laboratory. It consists of 160 inorganic high-density scintil-
lators BaF;. The ~-cascade detection efficiency is around 98%. Its high segmentation
enables gamma multiplicity measurements. The fast timing allows for precise v-v co-
incidence and time-of-flight measurements. Similar 47 BaF, arrays have been built at
CERN (n_TOF) and at Forschungszentrum Karlsruhe for measuring neutron capture
cross sections up to 200 keV. Due to the difference of multiplicity and total energy of the
detected cascades originating from (n,7), (n,n’y) and (n, f~) events, one can get rid of
most of the contaminant reactions. For the same reason, it is also possible to distinguish
the «internal» v-rays coming from the Baryum itself. Unfortunately, this kind of 47
arrays is prohibitively expensive.

3.4.1.2 Non 47 arrays with low energy-resolution detectors

An alternative way to determine (n,7) cross sections is to use organic or inorganic
scintillators as y-ray counters in an ensemble with relatively low efficiency. An important
drawback of these detectors is that one cannot distinguish between the 7-rays coming
from the reaction of interest from the ones coming from other background reactions. We
can denote four contaminants:

e ~v-rays coming after neutron emission. Hauser-Feshbach models can be used to
correct from the inelastic (n'v) contribution. However, an adequate y-ray detection
threshold is probably the best way to correct for this contribution.

o ~v-rays following fission. This only the case for heavy nuclei. A veto on fission
fragments is needed to remove this contribution. Such measurements are very
challenging.

e ~v-rays coming from radiative capture (n,~y) inside the detector itself or in the sur-
rounding materials. Resonant radiative capture can occur in many materials. In
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particular, iodine detectors Nal and Csl are especially sensitive to these «inter-
nal» radiative capture. Organic and inorganic scintillators, as BaFy or CgHg, are
in general also sensitive.

« mneutrons originating from elastic and inelastic scattering or fission fragments. Two
methods are widely used to discriminate between events induced by neutrons and
by ~-rays. Since 7-rays travel faster than neutrons one can measure the differ-
ence in time-of-flight between the target and the detector. A good time resolution
implies large target-detector distances. By using organic scintillators, discrimina-
tion using the difference in the detected pulse shape can also be utilized. This
technique is used in this work and is extensively studied in appendix E. Since the
pulse widths for neutrons are wider in time than those for photons?, pulse shape
discrimination (PSD) is possible. For example, figure E.2 illustrates how PSD is
applied using an Am/Be source as a n-y source.

Moxon-Rae detectors

A method for determining the cascade efficiency of an array which is not 47 was sug-
gested by Moxon and Rae ([Moxon 63]) who proposed a particular design for a y-ray
detector that fulfills the proportionality between the gamma energy £, and the detec-
tion efficiency €.,:

e, = k.E, (3.19)

For such a system, the efficiency €. for detecting a vy-cascade can be expressed as:

€ = 25% + Z Zem + ... (3.20)
1 1 7

where the first term corresponds to the efficiency to detect only one of the constituting
~-rays, the second term corresponds to the efficiency to detect two y-rays of the cascade
in coincidence, etc. If the -ray efficiency of such detector is very small e, < 1, the
probability to detect two or more y-rays coming from the same cascade can be considered
as negligible. Under these conditions we have:

€c & 25%‘ (3.21)

Inserting eq. 3.19 into eq. 3.21, ¢, becomes proportional to the cascade energy F.:

2The light emission of scintillators is dominated by a single fast decay component (fluorescence) and
a substantial slow component (phosphorescence). Thus, the overall decay time of the emitted light
pulse will vary with the type of exciting radiation, depending of the proportion of metastable excited
states (relative to the slow component).
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3.4 Gamma-ray detection

€ R Zs%. = k. ZEW =k.E, (3.22)

The final consequence is that the detection efficiency for a capture event €. is directly
proportional to the total energy released in the capture event. In practice, the pro-
portionality factor k£ is known for the Moxon-Ray detector used and the energy of the
cascade F, corresponds to the excitation energy of the compound-nucleus. The detection
efficiency becomes here totally independent of the cascade path. The determination of
the radiative capture efficiency in this way is known as «total-energy detection princi-
ple». Unfortunately, the so-called Moxon-Ray detector, which was designed to achieve
the latter conditions, was abandoned due to its inherently low efficiency and its non-
proportionality below 1 MeV. ([Macklin 63]).

The total energy detection principle applying the Pulse Height Weighting
Technique

An alternative to the Moxon-Rae detector is the Pulse-Height Weighting Technique
(PHWT). Developed by Macklin and Gibbons ([Macklin 67]), the idea is to use non-
proportional detectors and achieve the proportionality of the detection efficiency with
energy mathematically by weighting the response function of the detector with an ap-
propriate function. The PHWT technique is often used in neutron-induced capture
cross-section measurements in the resonance region, for example at the IRMM (Geel)
([Borella 07]) and n_ TOF(CERN) ([Plag 03],[Tain 04]). The same technique has been
recently investigated by the CENBG group ([Wilson 03]) for the 233 Pa(n, ) cross-section
measurement (cf section 2.1.3, [Boyer 06]).

In this work we used this technique to determine the radiative capture probability
using four CgDy scintillators. Details on the ~-cascade efficiency determination are
given in section 4.3.1. On the other hand, we will present an alternative method to
determine the efficiency based on the constant-efficiency hypothesis, which can be easily
applied to radiative-capture measurements using surrogate reactions. The two methods
will be compared in section 4.4.

3.4.1.3 Non 47 arrays with high energy-resolution detectors

The principal application of germanium detectors is ~v-ray spectroscopy. Because of
the high atomic number (Z=32), the photoelectric cross section is very high and con-
sequently, germanium detectors offer the highest energy resolution available for y-ray
energies from a few keV up to 10 MeV. Capture cross sections can be determined by
measuring all primary ~-rays depopulating the CN state or by gating only on ~-ray
transitions feeding the ground state®. The energy-dependent efficiencies e, for these

3In this case, we assume that all decay paths go through these transitions.
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transitions are determined using calibrated « sources. Note that e, is also corrected
for internal conversion via calculations. As mentioned in section 2.1.2, this technique
can be used to measure (n,7y) cross sections via the surrogate method. However, the
experiments usually involve well-known even-even compound nuclei with particularly
simple level schemes. This technique has not yet been applied to odd compound nuclei.
The main problem is that gating only on few v-ray transitions induces very low statis-
tics. Another important drawback is the relatively high Ge(n, ) cross section. Neutron
emission competes with capture and the emitted neutrons may interact with the Ge
detector. However, due to the high resolution, the sensitivity to neutrons is not an issue
in terms of gamma-neutron discrimination. Nevertheless, semiconductor detectors are
relatively sensitive to neutron damage. Under a high neutron flux, the main effect on the
detector performance is an increase of the leakage current that leads to a degradation
of the energy resolution. All details about semi-conductor principles applied to v-ray
measurements can be found in [Leo 87].

In this work we also used this approach to determine the radiative capture probability
using six Ge detectors. Details are given in section 4.8.

3.4.2 Experimental set-up for gamma-ray detection

As mentioned before, four Cs Dg liquid scintillators, based on purified deuterated ben-
zene, were used for measuring the radiative capture events. The CgDg detectors are
also known as NE-230: it is an alternative to the very usual NE-213, which are CgHg
liquid scintillators. The replacement of hydrogen by deuterium strongly suppresses -
rays originating from neutron captures inside the detector itself*. We stress that this
detector is very sensitive to fast neutrons. However, CsDg scintillators are known for
their very good PSD properties that allow for a neutron-gamma discrimination. These
scintillators surrounded the reaction chamber, which was very thin (Imm aluminium)
so one can neglect the interaction of y-rays with the chamber. The CgDg detectors were
placed in a propeller formation at front angles, each one was set at an angle of 45° with
respect to the horizontal plane and titled 30° with respect to a perpendicular plane to
the beam axis. The target-Cs Dg distance was about 90 mm. Each scintillator cell cavity
had a diameter of 106 mm and a thickness of 76.2 mm. Additional technical data are
given in appendix C. As illustrated in figure 3.12, each CgDg detector consists of a liquid
scintillating organic material which is optically coupled to a photomultiplier via a light
guide. Because of the very low atomic numbers, Compton scattering is the predominant
~-interaction process inside the cavity cell. The incident photon collides with an elec-
tron in the scintillator. Then this « Compton» electron excites the atoms and molecules
making up the scintillator which deexcite emitting light. This light is transmitted to
the photocathode where it is converted into a weak current of photo-electrons which is

4In particular, one wants to avoid the 2,2 MeV v-ray produced in the reaction H(n,~)D*.

104



3.4 Gamma-ray detection

then further amplified by a photomultiplier (PM). The amplitude of the electric signal
is directly proportional to the Compton-electron energy. The latter varies with angle
and is given by the formula:

Ey
1 + EO( 170089)

Me.c?

Ee— — EO - E’Y - EO - (323)

where:
o FE.- is the energy of the recoiling electron.
o Fj is the energy of the incident photon.
« E, is the energy of the outgoing photon.

e m,.c2=0,511 MeV is the rest energy of the electron.

6 is the angle of deflection for the photon (see figure 3.13).

When 6 approaches zero, no energy is transferred to the electron. The maximum
amount of energy is transferred when 6 approaches 7w and is called the « Compton edge»:

2.(Ey)?

Beompton = B (0= 1) = 3 2 2 By

(3.24)

Consequently, CsDg detectors are clearly not suitable as v-ray spectrometers: the
output response for a given input ~-ray is a distribution covering all possible energies
(the «Compton plateau») up to the «Compton edge». Note there is no photoelectric
peak. Figure 3.13(b) shows the response for a v-ray with Fy=611 keV.

The reaction chamber is also surrounded by six high-volume germanium detectors,
coming from the ORGAM array®. The Ge detectors were placed at backward angles and
the target-detector distance was about 90.5 mm. Each Ge crystal was coaxial with 70%
efficiency. An engineering drawing is given in appendix D. They were used to measure
low-lying ~-ray transition intensities as a function of the compound-nucleus excitation
energy, which is an additional way to infer the capture probability and to investigate the
difference in spin distributions between transfer and neutron-induced reactions. We will
see later that Ge detectors were also needed to perform energy calibrations as well as
efficiency and response function measurements of the CsDg scintillators. The positions
of the detectors are illustrated in figures 3.14 and 3.15. The aluminium support of the
CsDg has been integrally designed by the engineering group of CENBG.

5The Compton-suppressed BGO were removed.
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Figure 3.12: (a) Picture of the CsDg detectors used: a module consists of a CgDg cavity
cell, a photomultiplier tube and a voltage divider. (b) Generation of the
electronic signal in the anode for a Compton event.
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Figure 3.13: (a) Compton scattering diagram (b) Example of an experimental C6D6
energy spectrum for an incident y-ray with Fy=611 keV.
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Front angles: CgDg scintillators Back angles: Ge detectors

Figure 3.14: Geometry of the y-ray detectors used in this experiment.

CGDG
6 (deg) ¢ (deg)

C6D61 150 135

C6D62 150 225

C6D63 30 225

C6D64 30 135

GE1 148 290

o (targe't)beam GE2 20 290
GE3 32 290

GE4 32 70

GES 90 70

GE6 148 70

Figure 3.15: Absolute position in spherical coordinates of the CgDg scintillators and the
Ge detectors in our surrogate experiment.
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3.5 Summary of the experimental conditions

Below a practical summary of the experimental conditions (table 3.7) and two pictures
of the set-up (figures 3.16 and 3.17) are shown.

| Beam *He |
Energy 24 MeV
Current | 20 nAe with YD target / 50 nAe with 2C target
’ \ Targets \ Carbon Backing \ Measurements time ‘
ybd | 250 pg/cm? 50 pg/cm? 98 hours
e X 50 pg/cm? 38 hours
] Telescopes ‘
AFE Si 300 pm
E Si(Li) 3000 pm
Distance target-collimator 53 £0.5 mm
Ni Collimator dim. 32 x 32 mm?
Distance target-AFE 56+£0.5 mm
Active AFE surface 33.2 x 33.2 mm?
Opening angles 112°—145°
Solid angle covered by one telescope ~0.36 sr
Geometric efficiency for one telescope ~2.8 %
Total geometric efficiency ~5.6 %
Mylar(Al) [polarized at -300V] 2 pm
’ CsDg scintillators and Ge detectors ‘
Mean distance target-CgDg 90 mm
Dimensions of the cavity cell 106 x 76.2 mm?
Geometric efficiency for one CgDg 8.67 %
Mean distance target-Ge 90.5 mm
Spherical coordinates of the detectors | see figure 3.15

Table 3.7: Practical summary of the experimental conditions
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Figure 3.16: Picture of the whole experimental set-up.
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*He
beam

reaction chamber

Figure 3.17: Picture of the surrounding of the reaction chamber.
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3.6 Electronics and data acquisition

Details about the electronics used for this experiment can be found in figures 3.18, 3.19
and 3.20 for the read out of the telescopes, the CsDg and the Ge, respectively.

Data were processed via the GANIL acquisition system. Several VME cards were
used: two 32-channel ADC, one 16-channel ADC, one 16-channel TDC (CAEN V785,
V785N and V775N, respectively). The acquisition was triggered via a TGV module
(Trigger Generic VME), which permits handling single and coincidence events for each
detector in different possible experimental configurations. For the AFE detectors the
polarization and the pre-amplification of the output signal for each XY strip was operated
by a 16-channel motherboard, developed at the CENBG. The A output (see fig. 3.18)
was made by the logical OR of all the vertical Y strips for both detectors, the logical
signals were generated by two CFDs (VME V812 modules with 20 ns delay). Using
standard electronics, an OR of the logical signals associated to Si(Li) 1 and 2 was
generated and defined as the B output (see fig. 3.18). Finally, for the y-emission
probability measurements, the acquisition was triggered by (A&B) which corresponds
to the equivalent logical OR of signals from any of the two telescopes (logical AND from
AFE and E signals). When a trigger signal arrived, a time window of 4 us was generated
to register the eventual signals from the CsDg and Ge detectors. A VME (CAEN V560)
scaler gave on-line counting rates of the telescopes. Note that the end-line Faraday cup
was coupled to an integrator in order to monitor the *He current during the different
measurements.

Gamma measurements with Cs Dg scintillators and Ge detectors were carried out using
standard NIM modules. For the CgDg, the neutron/gamma discrimination was made
with a PSD of the anode output signal using the Mesytec MPD-4 module, whereas the
energy signal was obtained in parallel via the output signal of the seventh dynode. The
electronics used for the PSD analysis is fully detailed in appendix E. In the case of
the CgDg calibration, the acquisition can be triggered by D (see fig. 3.19), namely the
logical OR of signals from any of the four CgDg scintillators. The Ge output signals
were amplified with a 16-channel main amplifier. The trigger C, which is the logical OR
of the Ge signals, permits to obtain v-spectra for the Ge detectors. TDC outputs were
generated for each v detector providing the time difference (within a dynamical range
of 1.2 pus) between the start signal, given by the detection of an ejectile in one of the
telescopes, and the stop signal either from the CgDg scintillators or the Ge detectors.

Each detected event was coded into 4096 channels and was recorded sequentially in
list mode. The PHW'T was applied offline.
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Figure 3.18: Block diagram used for our AE — F telescopes. The coincidence was made with a TGV module, controlled
via a VME interface.
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Figure 3.19: Block diagram of the electronics used for the CsDg scintillators. Note that the PSD is made via an
integrated NIM module, called MPD-4, which plays the role of four standard zero-crossing pulse shape
discrimination circuits.
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Figure 3.20: Block diagram of the electronics used for the Ge detectors.
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Data Analysis

4.1 Singles-spectra analysis

4.1.1 Energy calibration of the telescopes

The energy calibration of the telescopes was performed using the transfer reactions
28 Pp(3He, d)* Bi* and 2 Pb(®He, a)*" Pb*. The incident energy of the 3 He beam was
24 MeV. The target consisted of 200 pug/cm? of 2 Pb deposited on a carbon backing.
These reactions allow us to populate the first excited states of 2°°Bi* and 2°7 Pb* whose
energies are very well known. When one of these states is populated, the ejectile (d or «)
has a well defined energy which can be easily calculated from the reaction kinematics.
The advantage of this calibration method with respect to the use of standard a-sources
is that we can calibrate the Si-detectors with different incident particles and with energy
ranges similar to the ones encountered in the surrogate reactions of interest. The AE—F
identification matrix relative to the reaction *He +2% Pb is given in figure 4.1. Each
exited state was selected with a contour. Then, the RMS deviation of its projection
in channels onto the AE and FE axis is associated to the calculated energy losses, as
illustrated for strip Y8 in table 4.1. Each vertical (Y) strip was calibrated independently.
We recall that the horizontal (X) strips are not used in this work. The Si(Li) detectors
were calibrated in association with each strip to avoid errors due to a non-uniformity of
the charge collection. Finally, we extracted linear calibration coefficients for each vertical
AF strip and the corresponding area of the Si(Li) in its shadow. The charge collection
in a silicon detector depends on the atomic number Z of the detected particle ([Leo 87]).
The set of calibration parameters determined with the 2% Pb(*He, d) reaction is used
for the excitation-energy determination of the compound nuclei associated to surrogate
reactions with the ejectiles p,d and t. The second set obtained with the (*He, ) reaction
is used for reactions with heavier ejectiles as > He and « particles. Calibration parameters
and errors are presented in appendix F.
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Figure 4.1: Identification matrix relative to the reaction 3He +2% Pb. The first excited
states of 27 Pb* and 2% Bi* are indicated.

E* of the fys = 130,19°
Reaction Q-value | excited states | Ejectile energy | Energy loss (LISE++) (MeV)
(MeV) (MeV) (MeV) Emylar—2m | OAE | E
0 21.4083 0.011545 2.4832 | 18.914
0,896 20.5278 0.011981 2.5729 | 17.943
208pp(3He,d)*Bi* | -1,696 1,608 19.8283 0.012301 2.6502 | 17.166
2,826 18.6319 0.012955 2.7957 | 15.823
3,119 18.3441 0.013130 2.8337 | 15.497
3,638 17.8344 0.013415 2.9045 | 14.916
0 35.5377 0.053634 12.659 | 22.825
0,570 34.9833 0.054399 12.885 | 22.044
208pp(3He, a)?°"Pb* | +13,21 0.898 34.6643 0.054835 13.017 | 21.593
1.633 33.9496 0.055601 13.331 | 20.563
2.340 33.2622 0.056668 13.655 | 19.550
3.475 32.1597 0.058342 14.226 | 17.875

Table 4.1: Energies of ejectiles for the different excited states of 2°°Bi* and 2°7 Pb* and
corresponding energy losses in the different layers of matter for the ejectiles
traversing the strip Y8 of the AE detector.
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4.1.2 Experimental excitation-energy resolution

After calibration, the experimental excitation-energy resolution og, can be inferred from
the calibrated E* spectra of 2*Bi and 2°"Pb. Figure 4.2 shows the E* spectra for
20937 and 207 Pb that result from the sum of the spectra associated to each strip. The
matching in excitation energy is very good since the calibration is precisely based on
these excited states. The total resolution has been found to be around 60 keV and 80
keV for the (*He,d) and (*He, a) channels, respectively. These values are higher than
the predictions presented in table 3.4. However, the experimental determination of oz,
has the advantage to integrate all the possible sources of errors. That is why, for the
determination of radiative-capture probabilities, the excitation energy was chosen to be
divided in energy bins of 80 keV to reduce the statistical error and to avoid to take
possible narrow statistical structures in the spectra for physical.
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208Pb(3H6, d)209Bz'* 208P5(3H6, a)207pb*

Figure 4.2: Excitation-energy spectra for 2% Bi* and 2°7Pb*. The experimental values
for the E* of the different excited states are indicated.

4.1.3 Singles spectra and contaminants subtraction

The first ingredient in the determination of the radiative capture probabilities is the
energy spectrum of the ejectiles, which is commonly called the singles spectrum. The
singles events are corrected from the random events under the coincidence peak in the
time spectra for AF — E. As explained previously, the relation between the energy of
the ejectile and the excitation energy of the associated compound-nucleus is given by
the kinematics. Figure 4.3 illustrates how equation 3.15 is applied to a singles spectrum.

We observe clearly the presence of large peaks in the energy spectra originating mainly
from transfer reactions on the carbon backing. We performed a measurement with a
carbon target of 50 pg/cm? under the same experimental conditions in order to determine
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Figure 4.3: Singles spectrum for the reaction ™Y b(®He,p)"Lu* as a function of the
ejectile energy (left) and as a function of E* of 1" Lu*(right).

the background events coming from the backing. For the background subtraction, the
two data sets have to be normalized. Two possibilities exist:

e via the integration of the >He current across the end-line Faraday cup during the
two measurements.

or
« by using the most intense proton peak of the '*C(*He, p)'* N, ; reaction.

In our case, the first method failed. The distance between the Faraday cup and the target
was about five meters and part of the beam did not hit the Faraday cup. Consequently we
applied the second method. The subtraction is directly done via the following relation:

sxingle( *) = Npmart(E*> - fnorm'NIfkg<E*) (41)
where:

singte(£7) 1s the number of ejectiles z in the surrogate reaction involving only the

nucleus ™Yb as function of the excitation energy E* of the corresponding CN.

o N,..+(E*) is the number of ejectiles z detected in the surrogate experiment, in-

cluding reactions in the target ™Yb and in the backing.

¢ Nj,(E¥) is the number of ejectiles x detected in the background measurement
using a carbon backing.

e fnorm is the normalization factor and is equal to 2,25. This value corresponds to
the average ratio of the area under the 14Ng,5 peak in the two data sets. Note that
this value was the same within 1% fluctuations for all strips and for all transfer
reactions.
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Unfortunately, in the measurement of N7 .(E£*), the ejectiles produced in the carbon
backing interacted with the lutetium layer before its detection but this was not the case
for N, (E*). This lead to a small broadening and an energy shift between Ny ,(E*) and
kag(E*). The subtraction is done individually for each strip. Proton singles spectra
before and after carbon-background subtraction for three detection angles are shown
in figure 4.4. The small ¥C(®He, p)'> N* contribution that is present in the excitation
energy range from [S,; S, + 1] MeV is well suppressed. However, because of important
fluctuations resulting from the subtraction of two big numbers, the region corresponding
to the highest background peak has been excluded from the analysis. In addition, we
have excluded several few regions where unidentified contaminants were present. The
obtained total singles spectra for protons, deuterons, tritons and alphas are given in
figure 4.5. These spectra have been obtained by summing the spectra associated to each

strip for both telescopes.
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Figure 4.4:
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from the carbon support. The normalized singles spectra of 1*N is also shown.
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Figure 4.5: Total singles spectra for protons, deuterons, tritons and alphas.
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Chapter 4 Data Analysis

4.2 Coincidence-spectra analysis

The second ingredient in the determination of the radiative capture probabilities is the
energy spectra of the ejectiles in coincidence with gamma rays detected by one of the
CgDg scintillators. The 7-detection threshold was raised to 200 keV for each CgDg
detector in order to simplify the shape of the y-spectra at the electronic threshold. To
generate the coincidence spectra we selected the ejectiles for which the time difference
telescope-CgDg lies in the coincidence peak and for which the associated CgDg signal
corresponds to a y-ray and not to a neutron. As illustrated in figure 4.6, the width of
the coincidence peak between the telescope and the CgDg detectors was about 37 ns.
The small amount of random coincidences under the peak was subtracted. An example
of contour used to disentangle v-rays from neutrons is shown in figure 4.7.

- —|37nS f—

Events

10°

1200 1400 1600 1800 2000 2200
Time Telescope 1 - C6D6 (ch)

Figure 4.6: Time spectrum between telescope 1 and CgDg 1.

As for the singles spectra, the contribution of v-rays coming from the excited states of
15 N* was subtracted from the coincidence spectra using the carbon-backing coincidence
spectra. The subtraction was done individually for each strip in coincidence with each
CgDg detector. In the same manner as eq. 4.1, the subtraction was done via the following
relation:

Ngoinc(E*) = N;amma<E*) - fnorm' ;Camma—bkg(E*) (42)
where:
e NZ..is the number of coincidences between an ejectile  and a v-ray in the

surrogate reaction involving only the nucleus ™Y b.
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4.2 Coincidence-spectra analysis

* Ngumme 18 the number of coincidences detected in the surrogate experiment, in-

cluding ~-rays originating from the target '*Y’b and the backing.

* Njumma—bkg 18 the number of coincidences detected in the background measurement

using the carbon backing.
o fnorm is the normalization factor and is equal to 2.25, as defined previously.

The obtained total coincidence spectra for protons, deuterons, tritons and alphas are
given in figures 4.8, 4.9, 4.10 and 4.11, respectively. They are the result of adding the
coincidence spectra of each Y strip. These spectra first increase with £* and then show
a step decrease at E* = 5, indicating a drastic reduction of the y-rays emitted due to
the competition with neutron emission. The 5,,-values found experimentally are in good
agreement with the tabulated values for all the compound nuclei (cf. table 3.3).
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Figure 4.7: Pulse Shape Discrimination (PSD) signal vs. deposited energy in a CgDg.
The contour indicates the selection of y-rays.
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Figure 4.8: Coincidence spectrum for protons before and after the subtraction of coin-
cident events coming from the carbon support. The normalized coincidence
spectrum of N is given. The dashed vertical line indicates the tabulated
neutron-separation energy of the corresponding CN. For completeness, the
singles spectrum for protons is also shown.
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Figure 4.9: The same as in Fig. 4.8, but for deuterons.
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Figure 4.10: The same as in Fig. 4.8, but for tritons.
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Figure 4.11: The same as in Fig. 4.8, but for alphas.
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4.3 Gamma-cascade detection efficiency

The last ingredient in the determination of the radiative capture probabilities is the -
cascade detection efficiency. As introduced in section 3.4.1.2, we applied the total-energy
principle using the PHW'T. For completeness, we recall that the total-energy principle
needs two important conditions:

 a low detection efficiency (¢; < 1).

« the proportionality between the gamma energy £, and its detection efficiency ¢,

(e =k.E,).

The first condition ensures that the probability to detect two v-rays coming from the
same cascade is negligible, and consequently, the detection efficiency of any cascade e,
is equal to the sum of the efficiencies for detecting the individual y-rays in the cascade:

€ 2, ;5%. (4.3)

To ensure the validity of eq. 4.3 with our experimental set-up, events with more than
one CgDyg fired were counted only once and the corresponding CgDg energy signal was
randomly selected between the touched detectors. The measured proportion of dual
counts was always below 3.8%!. The proportionality condition yields:

€. e k. zz: E, — e =k.E. (4.4)

where the energy of the y-cascade E, corresponds to the excitation energy E* of the
compound-nucleus. The v-cascade-efficiency becomes independent of the ~-path within
the cascade. For example, this means that the probability to detect a y-cascade of total
energy E. = 5 MeV is the same if the y-cascade is made of a single y-ray of energy
E,, =5 MeV or of five y-rays of energy E, = 1 MeV. However, our vy-ray detectors do
not fulfill the proportionality condition. The PHW'T was hence applied to achieve the
proportionality of the detection efficiency with v-energy. In this work, we have developed
an alternative method to determine the v-cascade detection efficiency. This method is
based on the hypothesis that the ~-cascade efficiency is independent of E*. The two
methods will be compared.

IThe proportion of dual counts in our CgDg detection set-up was also investigated using 7 Lu* -
cascade simulations with DICEBOX. The average -ray energy and multiplicity were about 1 MeV
and 6, respectively. At E* = 6.29 MeV, dual and triple counts were estimated to reach 4.1% and
0.08%, respectively.
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4.3 Gamma-cascade detection efficiency

4.3.1 The PHWT

4.3.1.1 Methodology of the PHWT

The PHWT achieves the proportionality of the detection efficiency ¢; with y-energy
E; mathematically weighting the response function of the detector with an appropriate
function. The application of the method requires the determination of a set of response
distributions for y-ray energies up to about 10 MeV. Since it is not possible to determine
them all experimentally for such a broad range of y-energies, we measured the responses
for several ~-rays and obtained the rest by interpolation through Monte-Carlo simula-
tions. The detector response function R(Ejy, E;) is nothing but the probability that an
incident vy-ray with an energy F; deposits an energy F,; in the detector. In our case, since
the gamma-ray interacts with a CgDg scintillator primarily via the Compton scattering
process, the detected energies lie in a distribution, R(FEy), covering all energies up to
the Compton-edge. For a given ~-ray with incident energy FEj;, the sum of the response
function over E,; verifies:

> R(Eq E;) =& (4.5)
Eq

where ;" is the experimental detection efficiency. We introduce a «weighting function»
W (E,4) that weights the response function R(FEg4, F;):

S W(Eq).R(Eq, E;) = g9 (4.6)
Eq
where ¢”“9"* i the weighted detection efficiency that fulfills the proportionality with

the corresponding vy-ray energy:

ighted i
E?ezg ed _ E;ieszred — kE@ (47)

The combination of equations 4.6 and 4.7 yields:

> W(E4).R(Eq, E;) = k.E; (4.8)

Eq
The latter equation has to be verified for each incident ~-ray energy FE;. Figure
4.12 illustrates how the weighting of the response function modifies the experimental
efficiency function &;""(E;), represented schematically by the black full circles. The
desired efficiency function £¢¢*"d(E;) corresponds to a linear function determined by
the proportionality factor k& (blue dashed line). As shown in figure 4.12, the weighting
function is independent of the energy of the y-cascade considered. W (FEy) is a unique
function that weights the response functions R(Ey, F;) for each E; in order to fulfill eq.

4.7. The solution of the weighting function W (Ej) is obtained by x? minimization over
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Eil

minimize | x> =Y |Y_ (W(Ey).R(Ey, E;)) — k.E; (4.9)

E; | Egq

where the weighting function is adequately parametrized with a fifth-degree polynomial:
N=5

W(Eq) =D an. (Eg)" (4.10)
n=1

Then, combining equations 3.6 and 4.8, the radiative capture probability is given by:

" Ce D, *
PYVE(E*) = Neome(E*) —_ Z, | Negine (E*, Eq)-W (Ey)| (4.11)
7 Nsingles(E*)-Efy(E*) Nsingles(E*)-E»‘;VF(E*>

where N C6D6(E*, Ey) is the CgDg ~-spectrum associated to the coincidence spectrum

Neoine(E*). The v-cascade efficiency E,I;VF (E*) is given by eq. 4.4 in the framework of

the total-energy detection principle. Finally, this yields:

ZEd [‘]Vcco?nDc6 (E*7 Ed)W(Ed)} -Fcorr
Nsingles(E*)-k-E*

WF *\
PPY(E") = (4.12)
where the proportionality coefficient % is usually taken equal to 1 MeV~!. A correction

term F,.. is added to take the experimental y-ray detection threshold into account. It
will be discussed in section 4.3.1.8.

Weighting functions depending on the excitation energy

In equation 4.9, the y2-value was determined from a minimization over the whole range
of incident y-energies. We know that the upper limit for the incident ~-ray energy F;
is given by the total energy FE. of the y-cascade which corresponds to the excitation
energy E* of the compound-nucleus. In order to optimize the quality of the weighting
functions, one can perform the y? minimization only for incident y-ray energies below the
excitation energy of interest. That is why the weighting functions are usually calculated
for a set of different excitation energies. Thus for a given vy-cascade of energy E. = E*,
eqs. 4.9 and 4.12 become:

2

E;=E.=E*
minimize | x> = Y. D (We(Ey).R(E4, E;)) — k.E; (4.13)
E;=0 E4

ZEd [NCCO?T?CG (E*a Ed)WE* (Ed)} -Fcorr

Niingles(E*).k.E*

where Wg«(Ey) is the weighting function for the excitation energy E*.

WF *\
P’y (E)_

(4.14)
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Figure 4.12: Principle of the weighting function technique for k£ = cst. The black points
represent the experimental efficiency €., for a given £;. The red arrows show
how the deduced weighting function W (Ey) applies. The two examples (for
two different y-cascade energies) show that the weighting function W (Ey)
determination is independent on the ~-cascade energy considered.
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Figure 4.13: The same as Fig. 4.12 but for k£ = Ei MeV~L. The two examples (for

two different y-cascade energies) show how the weighting function Wp- (Ey)
determination depends on the vy-cascade energy considered.
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Our approach

In our case , the proportionality factor £ was taken equal to E% or Ei MeV~t. Con-

sequently the desired efficiency £9¢*"*? is found to be equal to 1 independently of the

~v-cascade considered and equation 4.14 can be written as:

ZEd [N(g?r?cG (E*v Ed)WE* (Ed)} -Fcorr
Nsingles<E*)

where the number of capture events is directly deduced by multiplying the detected
gamma spectrum NS¢26(E* | E4) with the associated weighting function Wg-(Ey). Prac-
tically, that gives a weighted spectrum whose integral corresponds to the number of
capture events. One should stress that the dependence of the desired efficiency function
glesired( B) with the -cascade energy requires to determine the weighting functions for
each y-cascade energy using eq. 4.13. As illustrated in figure 4.13, the higher the ~-
cascade energy, the lower is the weight Wg«(E,;). In our case we determined a set of

weighting functions Wg«(Ey) for excitation energy bins of 80 keV.

WF *\
PYVF(E") =

(4.15)

Forewarned is forearmed

The PHWT analysis is made of several parts, each corresponding to the next sub-
sections:

e Determination of experimental efficiencies and response functions for each CgDg
detector, in the 0.1-7 MeV ~-energy range. FEnergy calibration and resolution
for each CgDg detector were determined by comparing the experimental response
functions with simulations.

« Simulation of the total response function (sum of the four CgDg ) for several y-rays
in the range of vy-energies of interest, namely up to 10 MeV.

o Verification of the simulation by comparison with experimental efficiencies and
response functions.

 Determination of a continuous response function matrix R(Ey, E;) by interpolation.

o Determination of weighting functions through minimisation.

¢ Determination of the threshold correction term F,,.,.
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4.3 Gamma-cascade detection efficiency

4.3.1.2 Experimental response functions and efficiencies

In our experiment, we are interested in excitation energies up to about 10 MeV. There-
fore, we expect vy-ray energies from few keV to 10 MeV. That is why we need the response
functions of the CgDg scintillators for such a wide range of energies.

4 C,Dy scintillators

E,+E,

Y1

Figure 4.14: Principle of the «Corvi» technique [Corvi 88] applied using our set-up. The
detection of v1(F;) in one of the Cs Dy scintillators is made in coincidence
with v2(FEs) detected in one of the Ge detectors. The level scheme corre-
sponding to a y-cascade of multiplicity 2 is shown on the left.

Response functions can be obtained experimentally by using mono-energetic y-sources
up to 1 MeV. Unfortunately, we only disposed of two of such sources (cf table 4.2). To
study the detector response functions for higher v energies one can use multi-y sources or
nuclear reactions. An experimental method was proposed in [Corvi 88] to infer mono-
energetic y-ray spectra with multi-y sources. This method requires identifying a -
cascade of multiplicity 2. A second detector is required for the identification of one of
the gamma rays from the cascade. In our case, we use one of our Ge detectors. The
measurement of v, (E;) in one of the CgDg scintillators is made in coincidence with
v2(FE>) detected in the Ge, as illustrated in figure 4.14. In this way we know the energy
of the v-ray impinging in the CyDg detector. The experimental v-ray spectra before
and after the coincidence technique obtained with a %°Co y-source are shown in figure
4.15. Note that signals were defined to be coincident if the detector timing pulses arrived
within 40 ns of each other. 7y-sources and particular proton-induced reactions that can
be used with this method are presented in table 4.3.

With our experimental set-up it was possible to use an alternative method to infer
mono-energetic y-ray spectra. It consisted in using inelastic scattering or transfer reac-
tions on light nuclei (12C, ¥C and ¥ F') to populate the first excited states of compound
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nuclei that decay directly to the ground state via a single photon emission. The detection
of the ejectile gives the excitation energy E* of the compound-nucleus. We considered
the response of the CgDg scintillators in coincidence with the ejectile associated to the
excited state of interest, as shown in figure 4.16. The ~v-energies considered are re-
ported in table 4.4. Targets of 2C' (60 pug/cm?), and F (105 pug/cm? of CaFy on 10
pg/em? carbon backing) were used with proton-induced (E,=12 MeV) and ® He-induced
(Espe.=24 MeV) reactions.

’ Source ‘ E,(keV) ‘ Duration of measurement ‘

B7Cg 661 ~10 minutes
54 Mn 834 ~10 minutes

Table 4.2: Mono-energetic y-sources used for CgDg calibration and efficiency determina-
tion.

‘ Source / Reactions ‘ E;(keV) ‘ Es tagged in coincidence (keV) ‘ Duration of measurement

152 By 344 867 ~1 hour
0Co 1173 1333 ~1 hour
50Co 1333 1173 ~1 hour
88y 1836 898 ~2 hours
Z32Th (208 Pb*) 2614 860 ~5 hours
318 (p,y)3Cl* 3164 4386 [Corvi 88|
34S(p,y)3Cl* 4386 3164 [Wilson 03]
2T Al(p, )28 Si* 5922 6878 cf. Appendix G

Table 4.3: Multi-energetic y-sources and proton-induced reactions used for CgDy cali-
bration and efficiency determination with the «Corvi» technique shown in

fig. 4.14.
’ Reactions ‘ First excited state (keV) ‘ Duration of measurement ‘
12C(3He,p)!*N* 2313 ~34 hours
“2C(p,p)?C 4440 ~6 hours (20nA)
YF(p, a)'0* 6915 - 7117 ~10 hours (20nA)

Table 4.4: Transfer-induced or inelastic scattering reactions used for CsDg calibration
and efficiency determination.
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4.3 Gamma-cascade detection efficiency

Note that the 3'S(p,~)3Cl* and 2" Al(p,v)?®Si* reactions were not used to extract
high energy gamma-rays in the present experiment. However, a preliminary experiment
was dedicated to the characterisation of our detectors at the AIFIRA facility of the
CENBG using these reactions. This study is presented in appendix G. Finally, a total
of ten response functions for each CgDg detector has been obtained for the energies
reported in previous tables.

Experimental efficiencies were deduced from the response functions. By using mono-
energetic y-sources of known activity A, the detector efficiency €/gps | can be deduced
from the number of gamma rays N7 observed in a given time ¢. A correction has to be
applied to subtract the contribution N®*9 coming from the environmental y-rays.

mono— N7 — kag
€Cops | = i (4.16)

When using ~y-cascades with multiplicity 2, the determination of the efficiency for a
photon energy E; can be deduced from the area under the Ge photo-peak at energy Fj.
More precisely we define:

TOTAL  _ 2
Nphotopeak2 - NO'Egermanium (417)
and
COINC  _ V2 71
Nphotopeak2 - NO'Egermanium‘€C6D6 (418)
where:
TOTAL : ~
o Nonoiopeaka 1S the area under the photo-peak at Ej in the germanium.
COINC . . . . . .
* Nohoiopeaka 18 the area under photo-peak at Ep in the germanium in coincidence

with the CGD(;.
e Ny is the number of photons emitted from the source or the number of excited
nuclei during the measurement.

2
germanium

° € is the efficiency of Ge detector for Fs.

o lgpg is the efficiency of CgDg detector for B .

Then, an elegant way to determine the efficiency 6%16 pe 1S given by:

NC’OINC’
v1 o photopeak2 4.19
€C6D6 =~ NTOTAL (4.19)
photopeak?2

Note that the number of emitted photons from the source Ny and the efficiency of the

. 2
Germanium detector €2, anium are not needed.
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Nevertheless, some corrections have to be applied:

« for the anisotropy of the intensity distribution within the solid angle of the detec-
tors due to the angular correlations. Because the angles between the two emitted
gamma-rays have been chosen to minimize correlations, no angular distribution
corrections have been applied. The appendix H is dedicated to angular correla-
tions and shows under which experimental conditions angular corrections can be
neglected.

 for contaminants or missing intensity if the -cascade of interest has a little branch-
ing in or out of the intermediate level. This correction is not needed when the
~-sources of table 4.3 are used.

In the case of inelastic scattering or transfer reactions, the determination of the effi-
ciency €lgpg at the photon energy E. is given by the ratio:

NE*
g ol
€C6D6 = NEx (4.20)
Ngectile
where:
o NE:.. is the number of ejectiles detected corresponding to the first excited state
E;.

. N;E* is the number of ejectiles corresponding to Ej in coincidence with a vy-ray
detected in a CgDg scintillator.

The experimental efficiencies are shown in figure 4.17.

The experimental spectra will be used to calibrate our detectors. The Compton edge
for each ~-ray energy is given in appendix I using eq. 3.24. Unfortunately, the exper-
imental determination of the Compton-edge is imprecise because of the bad resolution
of CgDg detectors. A simple way to calibrate the detectors is to assume the position
of the Compton-edge at half-height of the maximum of the Compton distribution. In
our case, a simultaneous iteration procedure that compares the experimental spectra to
Monte-Carlo simulations was used:

Experimental y-spectrum Simulated y-spectrum
(constrains the energy resolution ¢ iteration (gives the energy calibration E
that depends on the energy but depends on the energy

calibration E) resolution o)
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Figure 4.16: Determination of experimental response functions for high-energy ~-rays
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plot representing the excitation energy vs. the deposited energy in the CgDg
(middle panel).
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Figure 4.17: Experimental efficiency as a function of the incident y-energy for the four
CsDg detectors used in our experiment.

4.3.1.3 Simulation of the response function

The present simulations have been realized with GEANT4 ([Agostinelli 03]) in combina-
tion with the powerful CLHEP (mathematical) and ROOT (analysis) libraries that can
easily be included in the code. In our work, only the photon and electron transport in
the target and the detection system were simulated. The light production and its prop-
agation in the scintillator were not taken into account. To be as realistic as possible, not
only the active Cs Dg set-up was included, but also the detector housing, the target, the
silicon telescopes, the reaction chamber, the tubes and the Germanium detectors. These
materials contribute to the overall efficiency since y-rays can interact with them. The
sensitivity of the response functions to these materials has been investigated in appendix
G. The complete geometry as used in our GEANT4 simulations is shown in figure 4.18.
Note that the source was supposed to be a point source and no energy threshold was
applied.
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Figure 4.18: Three-dimensional geometry visualisation of our experimental set-up as defined in the GEANT4 simulation.
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4.3 Gamma-cascade detection efficiency

In the simulations, the response of each detector was treated separately but taking
into account the whole environment. The simulated response Rgjmu(Esimu, E-) represents
the energy deposited in the detector Egpn,, by a y-ray of energy E.. Response functions
Rimu(Esimu, E) for a set of incident y-ray energies E., are given in figure 4.19. One
clearly observes the various contributions to the shape of the detector response. In
particular, we highlight the important contribution of the pair-production process when
the incident ~v-ray energy increases. The very sharp peak, called «double escape peak»,
corresponds to the energy deposited by the e~ /e pair and the escape of the photons
originating from the e* annihilation. Note that the two annihilation photons have energy
mec?. By losing them, the deposited energy is F., — 2m.c?.

To obtain a realistic representation, the simulated responses Ry (Esimu, F-) need to
be widened by a Gaussian convolution G(Ey, Es;m,) representing the energy resolution
function of the detector. The convoluted response function R(Ey, E.,) can be written as:

R(Ed, Ew) - /Rsimu(Esimua Ev)-G(Edy Eszmu)dEszmu (421)

where the energy F; corresponds to the energy El;,,., of each simulated event randomly
shifted following a Gaussian distribution with o equal to the detector energy resolution?.
Figure 4.20 illustrates the final response functions R(Ey, E.) for a set of incident v-ray
energies F/,. Usually, the energy resolution of the Cs D¢ scintillators as a function of the
deposited energy E,; (in MeV) is given by the relation:

0—7j2nstru - [OCEC% + BEd + 77} (422)

where the coefficients are obtained from a fit to the experimental energy resolution.
To obtain o at different energies, we adjusted the upper portion (the tail of the Compton
edge) of the simulated spectrum to the measured spectrum for several mono-energetic
~v-sources. In our case, two fits were obtained for the Cg Dy 1-2 and 3-4, respectively. In
the table of figure 4.21, our o, and 7 coefficients are compared with existing coefficients
quoted in literature, while the plot compares our results with the resolution broadening
o obtained in other experiments using CgDg scintillators. The resolution of the CgDg
detectors is found to be similar at low energy but important discrepancies on o are
observed in the high-energy range. Nevertheless, a good agreement has been found be-
tween our results and those obtained by G. Aerts et al. ([Aerts 06]) using FZK detectors
(made of a high-volume, 1 liter, CsDg liquid scintillator). The energy resolution used
for BICRON scintillators in previous experiments ([Tain 04]) is different to the one we
determined in this work.

2In our case, we included the RandomGauss() function of the CLHEP library in the GEANT4 simu-
lation.
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Figure 4.19: Simulated response functions Ry (Esimu, E) for a set of incident v-ray
energies before convolution of the spectrum with the energy resolution o.
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Figure 4.20: Simulated response functions R(Ey, E,) for a set of incident y-ray energies
after convolution of the spectrum with the energy resolution o.
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‘ Reference ‘ o ‘

s U
Naqvi et al. [Naqvi 96] (50x50 mm cell) | 2,5.10~* | 1,62.1072 4.107°
Tain et al. [Tain 04] (BICRON) 0 3.107° 0
Tain et al. [Tain 04] (FZK) 0 6.107° 0
Aerts et al. [Aerts 06](FZK) 1,87.1073 | 3,75.1073 0
Borella et al. [Borella 07](IRMM cells) | 1,87.107° | 1,43.102 3,16.107"
Our work : C6D6 1 & 2 (CENBQ) 2107 | 1107 110°
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Figure 4.21: Our results for the resolution broadening ¢ compared to previous experi-

ments using CgDg scintillators.
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As shown before, the comparison of the experimental and simulated responses has
been used in a first step to obtain the instrumental widening necessary to convolute the
resolution. The same procedure also allowed us to calibrate the energy deposited in the
detectors. As illustrated in figure 4.22, the position of the Compton edge is deduced
from the intersection between the experimental spectra and the simulated spectra before
convolution. It was found at about 80% of the maximum at the upper part of the
Compton distribution. Finally, a non-linear calibration was done using all the available
experimental response functions. The calibrated experimental response functions are
found to be in good agreement with simulations, as shown in Fig. 4.22 for a set of
different v-ray energies. We stress that the nice agreement of the spectra, in particular at
high energy, is also a proof of the robustness of our resolution broadening o. Calibration
parameters for the scintillators are given in appendix J.
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Figure 4.22: Comparison of experimental and simulated responses (CgDg 1) spectra for
various y-ray energies.
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4.3.1.4 Simulation of the response functions and validation

It is crucial to verify the simulations. To test the veracity of our simulations, we checked
that experimental efficiencies and response functions are well reproduced. In figure 4.23,
the total efficiency (the sum of the four individual detector efficiencies) is compared to
the simulated one. Note that the efficiency calculations were realized with a 200 keV
deposited-energy threshold to be compared with experimental data.
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5
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Figure 4.23: Comparison of the simulated and experimental total efficiency as a function
of y-ray energy.

Total experimental response functions (the sum of the four individual detector re-
sponse functions) for several gamma-ray energies are compared to simulated values in
figure 4.24. A very nice reproduction of the measured response distributions is found.
Once our simulation was validated, we used it to obtain the response functions for y-ray
energies ranging from 0.1 MeV to 0.4 MeV in steps of 50 keV and from 0.4 MeV to 10
MeV in steps of 100 keV. A large number of events (107) was simulated for each energy.
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144

7
Energy (MeV)



4.3 Gamma-cascade detection efficiency

4.3.1.5 Interpolation and response-function matrix

We need to build the response matrix R(E,, E,) continuously over the full range of
energy. Obviously it is possible to simulate the response functions for all the possible
E,, namely from 10 keV to 10 MeV in steps of 10 keV. However this method is very much
time consuming, although it may become possible in the near future with parallelized
jobs. An alternative way is to interpolate the R(Ey, E.,) between each pair of simulated
response distributions obtained previously. In our case, we applied the second solution
by using an algorithm developed by J. Wilson et al. that is explained in details in Ref.
[Wilson 03]. The interpolation is performed for all £, with a bin of 10 keV all over
the energy range from 0 to 10 MeV. An unknown response function R(Ey, E;) can be
deduced directly from the adjacent simulated R(Ey, E,) and R(Eq4, E,11). Firstly, R(E,)
is stretched with a gain coefficient a,11 = E;/E,4+; and R(E, ;) is diminished with
another coefficient a,, = E;/E,*. Then R(E;) is extracted from the linear combination:

R(Ej) = p'an+1-R(En> + Q-a'n'R(En—i-l) (423)
where the two normalization coefficients can be defined as follows:

p=(E,—E;)/(Ey — Ept1) (4.24)

g=1—p (4.25)

Unfortunately, a complication arises for F;>1022 keV since the double escape peak
cannot be well reproduced. This peak is always 1022 keV below F; and that is why
it is forbidden to stretch this part of the spectrum in the re-mapping stage. For bins
whose By < (En4y1 — 1022) keV and E; < (E, — 1022) keV respectively, R(E,) is
stretched with a,+1 = (E; — 1022)/(E,+1 — 1022) and R(E,;) is diminished with
a, = (E; —1022)/(E, — 1022). The junction with the part of the spectrum below the
double escape peak (at E; < (E;—1022)) is ensured by renormalization with the original
number of counts. Consequently, the interpolated double escape peak is just shifted and
this method permits us to interpolate R(E}) also for high energies. To illustrate the
accuracy of the interpolation, an interpolated spectrum R(E;) with E;=3000 keV is
extracted firstly (a) from the two adjacent simulated spectra R(E,) and R(E,1) with
E, =2500 keV and F,; =3500 keV, respectively, and secondly (b) from R(E,) and
R(E,+1) with E,, =2000 keV and E,; =4000 keV. As illustrated in figure 4.25, the
interpolation shows a very good agreement with the simulated 3000 keV response, with
a overestimation of 1% for case (a) and 4% for case (b). Obviously, the closer the two
adjacent simulated spectra are, the more accurate is the interpolation. In our case, steps
of 100 keV in the simulations provide a very precise interpolated response matrix.

3Note that the stretching/diminishing re-mapping preserves the total number of counts of the original
spectrum.
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Figure 4.25: Comparison between interpolated and simulated responses at E£;=3000 keV.
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Figure 4.26: Three-dimensional response matrix R(FEqy, E;).
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A final response matrix with 1000 x 1000 elements was determined. The X axis
corresponds to the deposited energy Fjy in the scintillator and the Y axis corresponds
to the incident vy-ray energy E;. The bin size was 10 keV /channel for both axis. The Z
axis shows the number of events per source particle, namely the probability to fill the
corresponding pair (Eq E,). In figure 4.26, a three-dimensional view gives the R(Ey, E;)
values of the response matrix. For completeness, we recall that for a given incident
~v-ray energy F;, the projection over Ej; gives the response function of the detector for
this incident energy. The integral of the obtained response function corresponds to the
total efficiency for this incident energy. Thus, the projection of the efficiency-values for
each F; provide the total efficiency function for our experimental set-up, as given in Fig.
4.23. A two-dimensional response matrix with its projections is shown just below in
figure 4.27.
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4.3.1.6 Weighting-function determination

At this stage, we have confidence in our response matrix R(E,, E;) and we want to solve
equation 4.13. We recall that the proportional factor k& was taken equal to - L MeV~! and
the Welghtmg functions can be parametrized as a polynomial of order 5 (see eq. 4. 10)

The x? is hence described as a function f(x) depending on the polynomial coefficients
x = lai, a9, a3, a4,as]. To find x that minimizes f(x), we used the Downhill Simplex
Method [Nelder 65|, which is also called Amoeba in reference to the basic movements
of the little animal. It proceeds by choosing a set of points (the simplex) forming here
a five-dimensional triangle (one degree of liberty for each polynomial coefficient). Then
the triangle is transformed so that the worst point is improved, either by stretching,
shrinking or reflecting it about the center of the triangle. At each iteration, the algorithm
tends to make progress toward a minimum. In our case, the solution x is determined
when the local optimum is stabilized with a tolerance of 0,0000000001. We performed
the minimization using the Interactive Data Language (IDL) 8.0. The determination of
the weighting functions was done for a set of y-cascade energies that correspond to the
excitation energies for each compound-nucleus, namely from (S,, — 1.6) MeV to (S, + 2)
MeV in steps of 80 keV. The polynomial coefficients of the weighting functions are given
in appendix K. Figure 4.28 shows the weighting functions obtained for three excitation
energies. The quality of the weighting functions can be verified by testing equation 4.8.
We calculated the ratio:

V[/Z(Ed)R<Ed, EZ) B Ezueighted
klEl - e%iesired

which has an expected value of 1, for each simulated response corresponding to an
incident y-ray with energy F;. This ratio is nothing but the ratio of the efficiency after
application of the weighting function ¢”“9"*** and the desired one %< that is linear,
as illustrated in the top panels of figure 4.29. The bottom panels show the deviation
of the new efficiency from linearity. On the average, the deviations from linearity are
negligible. The ratio Q reflects some experimental limitations at lower energies because
of the impossibility to extrapolate the detector response below 50 keV.

Q= 2.5 (4.26)

4.3.1.7 Application of the weighting functions

The experimental y-spectra were histogrammed with a deposited-energy bin of 10 keV.
Then, for excitation-energy bins of 80 keV, the PHW'T was applied to the corresponding
detected Cg Dg spectrum. Since in our case (k:E% MeV 1), the number of capture events

is directly deduced by multiplying the detected CgDg y-spectrum NCCO‘;,?CG(E* E,;) with
the associated weighting function Wg«(FEy,). The obtained weighted spectrum is devoid
of any physical meaning but its integral corresponds to the total number of capture
events for the given E* bin. It is clear that the higher the deposited energy the more

weighted is the detected spectrum. An illustration of how the PHWT practically applies

148



4.3 Gamma-cascade detection efficiency

120
2-r
I E*=5 MeV
L — Y
a0l E*=7 MeV e
L / |
- S/
- AL |
60~ A
0 |
- Ay
- R : |
401~ Py ; |
L o
L Ry H
e L
L R H
20— s : |
B s :
i EF : |
07 -\“\—‘/\\\\‘\\\\‘\\\\‘\\\\E\\\\l\\\\
0 1 2 3 4 5 6 7
Ed_C6D6 (MeV)

Figure 4.28: Weighting functions for various excitation energies.

* * *
E*=5MeV Er=6MeV Er=TMeV
1 1
é‘ E desired efficiency (linear) § ?ogi
g our new efficiency g g “F
% % 0%
= = 2 0.7
Q Q E [T} E
=z Z 0.6 Z 0.6
05 05
04f 0.4
03 03
} 02F 02F
0.1F 01 01
| ] | Loaliinld | Lol b oz | Ll | | [—— ol | | L | | L
0 05 1 15 2 25 35 4 _45 5 0 1 2 3 5 6 0 1 2 3 4 6 7
E, (MeV) E, (MeV) E, (MeV)
i i i
o M o M o Mp
21.08 .21.08F 21.08
S F g F S F
@106 X106 0106
1.04F 1.04F 1.04F
1.02F 1.02F 1.02
1= 1 1=
0.98F 0.98F 0.98F-
0.96 0.96 0.96|
0.94F 0.94F 0.94F
0.92F 0.92F 0.92F
bl Lol 09t L [P | L obh e Ly e
0 05 1 15 2 25 3 35 4 45 5 0 1 2 3 5 6 0 1 2 3 4
E, (MeV) E, (MeV) E, (MeV)

Figure 4.29: Upper figures: comparison of the obtained and desired efficiency for differ-
ent F*. Lower figures: ratio @ (eq. 4.26) as a function of the incident ~-ray
energy Fj.

149



Chapter 4 Data Analysis

50

2]
E 45
(] 40
o 35
o
@ 30
°©
8 25
© 20
o 15
10
5
0
=
5 %
9] 80
2 70
60
50
40
30
20
10
0,
%) 140
<
] 120
>
o 100
®
= 80
(=2}
g 60

174Yb(3He,p)176Lu*
Detected spectrum
E*=6.25MeV

éw\wwwm!m T Jokaal s 1
0 T 2 3 4 3
Ed C6D6 (MeV)

ol

Weighting function
E*=6.25MeV
| ,

3
Ed C6D6 (MeV)

Weighted spectrum

3 4

g
Ed C6D6 (MeV)

Detected events

Weight

Weighted events

15 74yb(*He,p) " oLu*
- Detected spectrum
30 E*=7.21MeV
25

20

15

10

g TR 11 BT il . s N

0 E 2 3 ° Ed C6D6 (I‘IAeV)

100 ;— Weighting function

solE— E*=7.21MeV

60 E—

40—

20 E—

o - n N 1 1 L 1

7
E£d C6D6 (MeV)

Weighted spectrum

|
5

7
Ed C6D6 (MeV)

Figure 4.30: Application of the PHWT to the (*He, py)'"® Lu* reaction at E*=6.25 MeV (left) and E*=7.21 MeV (right).

150
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for the (*He, py)'"®Lu* channel is given in figure 4.30. On the left panel, the analysis
is done at £* = 6.25 MeV, namely just below S, = 6.29 MeV. Below this limit, the
detected spectrum corresponds only to radiative capture events. On the right panel,
E* = 7.21 MeV and the shape of the experimental CgDg y-spectrum is found to be
different than the other one. This point will be discussed later.

4.3.1.8 Threshold correction factor

While the experimental v-ray spectra always present an electronic threshold, the propor-
tionality hypothesis is fulfilled over the full energy range and the weighting functions are
determined without any threshold considerations. In figure 4.30, the weighting functions
are applied even below 200 keV where the detected-spectrum values are zero. A correc-
tion needs to be applied to account for the missing part of the experimental spectrum.
To correct for this, we proceeded as in [Tain 04] where the missing contribution of y-rays
below the threshold is estimated with Monte-Carlo simulations of the statistical decay
of the compound-nucleus. We used the DICEBOX code [Becvar 98] to generate y-ray
cascades of 1®Lu* at E* = S,, = 6,29 MeV. The generation is based on the experimental
level scheme at low excitation energy and levels and branching ratios obtained from the
statistical model at high excitation energies. Another code, called CASGAM, that is
developed in CEA DAM DIF has been used for comparison. Then the y-cascades were
inputted and the response of our set-up was simulated with GEANT4. A comparison
between the simulated spectrum and the experimental spectrum in the vicinity of .S, is
given in figure 4.31. A reasonable agreement is observed. The simulation gave us the
detected spectrum with no detection threshold. Statistical errors can be neglected due
to the large number of y-cascades simulated. The weighting function determined for
E* =S, was then applied on the simulated response. The weighted spectrum provided
the events lying below the threshold. The missing contribution of ~-rays below the
threshold can be estimated through the ratio of the weighted counts below and above
the energy threshold. The correction factor F,,.,., as defined in equation 4.15 , can be

written as:
Nweighted

counts (E7 < Ethreshold)
weighted
Ncmmts (E’y 2 Ethreshold)

This factor has been determined for two detection thresholds (200 keV and 400 keV).
Contrary to neutron-induced reactions where the angular momentum distributions of the
compound-nucleus are well known, the angular momentum distributions populated in
transfer reactions are not known a priori. Consequently, ~-cascades have been generated
for a set of initial spins using DICEBOX (spins 3 and 8) and CASGAM (spins 3,4,7 and
8). The factors obtained with DICEBOX and CASGAM are in good agreement within
15 % uncertainties. Because of the angular momentum issue, the correction factor was
defined as the average value of F,,., obtained from the six simulations, as detailed
in table 4.5. Note that higher spins tend to favour ~-ray energies below the detection

Joi— (4.27)
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threshold. Deduced normalization factors are given in the table. As a conclusion, the

lower the threshold the smaller is the threshold correction.

7 Ly Spin pid N B o)
DICEBOX | CASGAM | DICEBOX | CASGAM
3 8.87% 7.60% 15.18% 15.18%
4 (%) 8.40% @ 16.62%
7 %) 8.58% @ 17.22%
8 7.58% 8.21% 15.54% 16.88%
Mean value 8.21% 16.10%
Correction factor 1.0821 1.1610

Table 4.5: Fraction of events below the detection threshold according to DICEBOX and
CASGAM for different initial spins and two different thresholds. The obtained
correction factors are also given.

4.3.1.9 Test of the PHWT

The uncertainty of the PHW'T can be obtained by simulating a known number N, of -
cascades with a fixed cascade energy F. = E* using the same codes employed previously.
As said above, the integral of the simulated energy spectrum after applying the weighting
function should be equal to the number of cascades N.. The difference between the two
terms gives a measure of the uncertainty in the PHWT. For example, this difference was
extracted from the simulations shown in figure 4.31 where the number of computed -
cascades was 800000 and the area below the weighted spectrum was 811100. This gives
a deviation of 1,39%. Using several simulations with different spins, the average deviation
is about 1%. We also investigated the sensitivity of the instrumental energy width used
to convolute the simulated response. To do this we varied o to produce new response
functions and weighting functions. This leads to very weak variations of the simulated
weighted spectrum in agreement with [Tain 04]. Finally, we considered for this work
a value of 1% as the systematic uncertainty associated with the weighting functions.
Actually, this value is negligible in comparison to statistical uncertainties, which are
particularly important when weighting the high-energy part of the experimental spectra.

152



4.3 Gamma-cascade detection efficiency

Detected Events

Experimental spectrum
6<E*<6.5MeV

L, “ IIILIIJ Il

6 7
Ed_C6D6 (MeV)

Simulated Events
=
ou

CASGAM simulation with GEANT4
8 u (E*=6.29MeV, J=3)

Detected spectrum

o

T 2 3 2 5 6 7
Ed_C6D6 (MeV)

g rof—  Weighting function
100 — E*=6.29MeV
-
=8
o
20—
0 - 1 2| :; 1 1 1 4
° ! ¢ ° Ed_C6D6 (MeV)
g 4000 b .
2 ss00f Weighted spectrum
= 3000
S 2500 £
(3] —
= 2000 E—
1500 E—
1000 E—
500 E—
E | I
g T 2 3 7 5 6 7
Ed_C6D6 (MeV)

Figure 4.31: Example of the determination of the threshold correction factor with CAS-

GAM.
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4.3.2 The constant-efficiency method

The PHWT is usually applied in neutron-induced reaction measurements. In our case,
since the decaying nuclei are formed by a transfer reaction, it is possible to populated
excitation energies below the neutron separation energy S,,. In this context, we propose
a method to determine the efficiency of our detection system that is much simpler than
the PHWT.

4.3.2.1 Principle

This method is based on the hypothesis that the vy-cascade detection efficiency is in-
dependent of the excitation energy. To verify this, we performed a TALYS calculation
to infer the average y-ray energies E" and multiplicities M, in the neutron-induced
reaction '™ Lu(n, )" Lu*. As illustrated in figure 4.32, these quantities vary only very
weakly above S,. In the rare earth region, the neutron separation energy is generally
above 6 MeV. This high excitation energy ensures a high level density that explains the
constancy of the latter y-decay quantities. Thus, it is reasonable to assume a constant
~v-cascade detection efficiency in the vicinity of the neutron separation threshold for nu-
clei in the rare-earth region. Note that since the heavier the nucleus, the higher is the
level density at .S,,, this assumption should be also valid in the actinide region.
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Figure 4.32: TALYS calculations of the average gamma-ray energies £5"Y and multiplic-
ities M, in the '™ Lu(n,~)'"® Lu* reaction.

Below S,,, only ~-rays can be emitted and consequently the measured capture proba-
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4.4 Comparison of the obtained gamma-cascade efficiency

bility P, should be 1:

]\/vcoinc(Ej>|< < Sn)
Nsingles(-E* < Sn)fv

1=P,(E*<8S,)= (4.28)

Therefore the total efficiency of the Cg D¢ detectors for detecting a v-cascade is given
by:

cST __ Ncoinc(E* < Sn)

= 4.29
‘e Nsingles(E* < Sn) ( )

4.3.2.2 Determination of the capture-event efficiency

The capture-event efficiencies for each transfer channel have been determined for a set of

v-energy detection thresholds. The ratio ]\],VC# remains essentially constant below S,,,

singles
as illustrated in figure 4.33. The efficiency and the corresponding error are determined by
fitting the ratio f&% in this energy range. Only energy ranges free from contaminants
single

were used for the fit.

4.4 Comparison of the obtained gamma-cascade
efficiency

The ~-cascade detection efficiencies have been determined by using independently the
two previous methods. In the PHWT, the ~v-cascade efficiency term is not explicitly
determined. However, according to eq. 4.15, this quantity is given by the ratio of
coincidence events before and after applying the weighting functions:

Ncoinc(E*) NCOinC(E*)

EPHWT(E*) — —
Ncascade(E*) ZEd [NC6D6 (E*, Ed)-WE* (Ed)} ~Fco7"7"

[

(4.30)

coinc

In figure 4.34, we compare the efficiencies obtained for the ™Y b(3He, p)'™ Lu* chan-
nel according to both methods. The error bars are higher for the efficiencies obtained via
the PHW'T because of the important statistical-uncertainty propagation in the weight-
ing stage. The efficiencies are in excellent agreement in the vicinity of S,,. However,
one observes some discrepancies for excitation energies above 6.9 MeV. The origin of the
discrepancies is due to (n'7y) inelastic events. Above the neutron emission threshold S,
neutron evaporation may compete with ~-ray emission of the compound-nucleus. ~-rays
can also be emitted after neutron evaporation and it is not possible to distinguish them
from the capture events. In figure 4.30, we presented the experimental ~y-spectra ob-
tained for the (3He, py)'™ Lu* channel analysis at E* = 6.25 MeV (just below S,, = 6.29
MeV) and at E* = 7.21 MeV. In the first case, the detected spectrum corresponds only
to radiative capture events, while at higher E*, (3He, pny)™Lu* is the predominant
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Figure 4.33: Determination of the capture-event efficiencies for a set of detected y-energy
detection thresholds using the constant-efficiency method. The full horizon-
tal lines are the results of the fit.
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4.4 Comparison of the obtained gamma-cascade efficiency

decay channel. The two experimental spectra have different shapes. When the inelas-
tic channel becomes predominant, y-rays originating from radiative capture events are
highly suppressed, while the y-rays originating from the inelastic (n'7y) events which have
low energies dominate. The ~-ray energy of inelastic events is limited by the available
excitation energy of the residual nucleus after neutron evaporation, which is (E* — Sn)
MeV. When the weighting function is applied to an (n'+y)-spectra, the low ~-energies
are poorly weighted and the number of equivalent cascades is less important than when
the weighting is applied to a y-spectrum corresponding to capture events. The wrong
weighting comes from the fact that we apply a weighting function calculated for an E*
that is much higher (by S,) than the actual E* of the decaying nucleus after neutron
emission. This leads to an increase of the ratio % It becomes clear that the dis-
crepancies between the efficiencies are due to the contamination of our ~-spectra with
~-rays originating from the (n'y) channel. With a y-ray energy threshold of 200 keV,
the efficiency obtained with the PHW'T increases at about 600 keV above the neutron-
separation threshold. This limit corresponds to the minimum excitation energy for the
residual nucleus after neutron evaporation that allows the emission of a ~-ray of en-
ergy higher than 200 keV. By putting a higher threshold, we expect to suppress the
(n'7) contribution in the excitation-energy range considered. Indeed, with a threshold
equal to 400 keV, the efficiencies are found to be in better agreement in the excitation-
energy range of figure 4.34. As a conclusion, our constant y-cascade efficiency is clearly
confirmed by the PHWT. These results give an excellent confidence in the use of the
constant-efficiency method.
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Figure 4.34: Comparison of the efficiencies determined with the PHWT and the
constant-efficiency method for two different y-energy detection thresholds.
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4.5 Correction of inelastic events

As mentioned before, it is not possible to distinguish the inelastic (n'y) events from the
capture events. This is particularly true for high excitation energies where the (n'y)
channel is predominant. Boyer et al. [Boyer 06] used a model-dependent correction
for the (n'y) contribution based on the predictions of the cross section ratio %
using a statistical model. In our case, we preferred to apply a threshold to the detected
gamma-energy in order to suppress the contribution of the (n'y) channel. Since the
maximum energy of inelastic v-rays is limited to (E* —Sn) MeV, this can be done with
the help of contours, as illustrated in figure 4.35. This figure shows the evolution of the
~v-spectra with the excitation energy of the compound-nucleus. As can be seen in Fig.
4.35, the application of a threshold that increases with E* highly reduces the statistics
at the highest E*. That is why, in this work, the investigation of the radiative capture
probabilities will be limited to E* below (S,+1) MeV.

In these conditions, the excitation energy of the residual nucleus after neutron emission
should not exceed 1 MeV. Using the level schemes available in literature (NNDC), the
maximum v-ray energy coming from "> Ly* and 2Yb* nuclei is about 400keV and
maybe 100 keV more for the case of ™Lu*. These values have been verified with
the Germanium detectors (see section 4.8). In order to test the y-energy detection
threshold on the rejection of the inelastic events, radiative capture probabilities have
been determined using the constant-efficiency method for three thresholds 200 keV, 400
keV and 600 keV. Gamma emission probabilities based on the PHWT have also been
obtained for two different v-ray energy thresholds: 200keV and 400 keV. Results are
given in figure 4.36. First of all, one observes a very good agreement between the two
methods. Below §,,, the gamma emission probability remains constant. Some deviations
can be observed when the PHWT is applied but these may be due to statistical effects.
Above the neutron binding energy (in average), the gamma probabilities are in very good
agreement up to (S, + 600) keV. Neither the method to determine the efficiency nor the
threshold seem to have an influence on the shape of the probability. After this limit,
the probabilities obtained with the constant-efficiency method and a 200 keV threshold
are systematically higher than those using a higher threshold or given by the PHWT
analysis. Below approximately (.S, +600) keV, the 200 keV electronic threshold suppress
all y-rays with incident energy lower than 350 keV * because of the Compton process.
Nevertheless, above this limit, a 200 keV threshold is not enough to reject all (n'v) events.
As a direct consequence, the gamma emission probability starts to rise. By putting a 400
keV threshold, all gamma transitions below 580 keV are suppressed. For E*<(S,, + 1)
MeV no inelastic y-rays are expected to exceed this limit: the 400 keV threshold was
hence a suitable choice for the determination of the radiative capture probability. This
is confirmed by the probability obtained with a higher threshold (600 keV for example)
which is very similar to the one obtained with a 400 keV threshold. We should stress that

4The incident y-energy is higher than the electronic threshold because of the Compton process.
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4.5 Correction of inelastic events

the radiative capture probability obtained with the PHW'T using a 200 keV v-energy
threshold is particularly low whereas the (n’y) events are not suppressed. As explained
in previous section, the vy-cascade efficiency is over-estimated (cf. fig. 4.34). That leads
in this case to a diminution of the radiative capture probability. In contrast, we know
that the PHWT using a 400 keV detection threshold rejects all the (n'+y) events.

This study confirms that a 400 keV detected v-energy threshold is enough high to
suppress the (n’y) contribution in the excitation energy range S, <E*<(S, + 1) MeV.
However, to minimize the statistical errors, we have used a ~-threshold that depends on
the excitation energy E*. A 200 keV and a 400 keV threshold have been applied below
E* =5, 4+ 600 keV and above this limit, respectively.
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Figure 4.35: E* vs. deposited energy in the CgDg detectors. The events located on the
right of the diagonal line are free from (n'7y) events.
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Figure 4.36: Capture probability as function of the excitation energy of the compound-
nucleus for different y-energy thresholds.
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4.6 Gamma emission probabilities

4.6 Gamma emission probabilities

The constant-efficiency method was preferred to infer the radiative capture probability.
The first argument is the reduction of the statistical and systematic errors, which are
clearly not negligible in the PHW'T. The second point is the ease for applying an E*-
dependent threshold to eliminate the (ny') events. Radiative capture probabilities are
presented in figure 4.37 for each transfer channel. In appendix L, the values for the
experimental gamma decay probabilities of "6Lu*, 17 Lu*, '™ Lu* and '™Yb* and the
associated errors are reported.
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Figure 4.37: Radiative capture probabilities obtained in our surrogate experiment.
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4.7 Variance-covariance analysis

In the following, we infer the errors associated to the final radiative capture prob-
ability which are obtained from the weighted mean of the results obtained for each
strip. The error analysis of the radiative capture probability is based on eq. 3.6. The
probability depends on two statistical parameters { Nsingie, Neoinc} and one systematic
parameter {e.}. However, Nypnge and Neyipne are deduced from eqs. 4.1 and 4.2, re-
spectively. Thus, the probability is actually a function of four statistical parameters
{Nparts Nokg, Ngammas Ngamma—vkg } and the systematic parameter {e.}. Let us estimate
the correlations between these parameters. Since, except for the very small *C' contribu-
tion, the regions used of our singles and coincidence spectra are free from contaminants,
the error due to a bad identification of the compound-nucleus is negligible: the covari-
ance term Cov(Ngingie; Neoine) can be taken equal to 0. The background measurement
corresponding to Ny, was done under the same experimental conditions as the one cor-
responding to the ™Yb target. However, systematic errors on the counting rates are
negligible and the covariance term Cov(Nykg, Npart) and Cov(Ngamma—bkgs Ngamma) can
hence be taken equal to 0. Thus, the statistical parameters are not correlated in this
experiment and one can write (according to eq. 4.1):

2 _ 2 2 2
O—Nsingle - O—Npart + anTm'O—kag (431)

Similarly we have for the coincidence events (according to eq. 4.2):

2 2 2 2
JNcoinc = UNgamma + fnorm'O—Ngamma—bkg (432)
We need to consider the covariance terms Cov(Nepine, €.) and Cov(Ngingie, €c) that
link the ~-cascade efficiency with the ratio % given in eq. 4.29. There is a priori
gle

a correlation because these three quantities have been measured with the same set-up.
However, there are no systematic errors and Cov(Neoine, €.) and Cov(Ngingie, €) can be
neglected. Finally, the error for the radiative capture probability is given by:

O-P’Y ’ _ (O-Ncoinc>2 + UNsingle ? + (066)2 (4 33)
PV B Ncoinc Nsingle €c .

2
O.stat 2 2 p 2 o 2
P o . N, . . . P.
where = = (M) + <7"‘”5> is the statistical error and o] = (U—)
Pw Neoine Nsingle P

vy €c

is the systematic error. Finally, one has to consider the correlations between the ra-
diative capture probabilities as a function of the excitation energy because the same
efficiency has been used over all the E* range considered. The correlation matrix for our
measurement is defined as:

o (B 0" (E)

7

O'pW (E:)UPW(EJ*)

Corr(P,(E}); P,(E})) = (4.34)
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4.7 Variance-covariance analysis

The correlation matrices for each probability are given in appendix M. The one for the
176 [y* radiative capture probability is shown in figure 4.38. The decrease of correlations
above S,, = 6.29 MeV means that the systematic errors become negligible in comparison
with the statistical errors that are principally governed by oy_, .. Correlation matrices

are important for evaluators as they are used to define the degree of interdependence
between our data points.
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Figure 4.38: Correlation matrix for the y-decay probability of 176 Lu*.
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4.8 Analysis of data taken with the Ge detectors

4.8.1 Germanium calibrations and efficiencies

Our six Ge detectors were not only used for calibration purposes but also for providing
an alternative analysis to this surrogate experiment. Gamma-spectra have been obtained
in a v-ray energy range from 50 keV to about 1.5 MeV. Each detector was calibrated
using a 2 Eu v-source, then the individual y-spectra were summed. Figure 4.39 shows
the calibrated total y-spectrum for the latter y-source. The experimental efficiency and
resolution was measured for each Ge detector. Assuming that the vy-ray auto-absorption
in the ™Yb target was negligible, the total efficiency for the Ge detection set-up as a
function of E, is given in the left part of figure 4.40. As can be seen on the right part
of this figure, the resolution remains relatively constant in the range from 0 to 500 keV.
The average value is about 2 keV in this energy range.
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Figure 4.39: Sum of the 6 Germanium spectra obtained with a %2Eu v-source.
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Figure 4.40: Efficiency and energy resolution of the Germanium set-up as a function of
~-ray energy.

4.8.2 Identification of the decaying nuclei

A spectroscopy analysis was realized by looking at the ~-rays detected by Ge detectors
in coincidence with an ejectile detection in the AF — E telescopes. A selection in
the Ge-telescope time spectra could have been applied in order to distinguish between
prompt and delayed y-transitions. This is particularly interesting when the extraction of
nano-second isomeric transitions is needed. However, for statistical reasons, we included

prompt and delayed ~y-transitions in the analysis by using a 160 ns time window (cf.
Fig. 4.41).
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Figure 4.41: Time spectrum between telescope 1 and Ge 1. The vertical lines indicate
the limits of the time window used to extract the spectra shown in Figs.
4.42,4.43, 4.44 and 4.45.
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For each transfer channel, the Ge energy spectra have been analysed for three excita-
tion energy ranges:

e from 0 to S,, where the only decay channel for the compound-nucleus is ~-ray
emission.

o from S, to (S, + 600) keV, where the neutron emission channel (n’7y) competes
with ~-ray emission.

 from (S, +600) keV to (S,+2) MeV, where the decay channel (n'7) is predominant:
~-ray emission from the compound-nucleus cannot be observed anymore.

Figures 4.42, 4.43, 4.44 and 4.45 show coincidence ~y-spectra for the above-mentioned ex-
citation energy ranges relative to the (*He, p), (*He,d), (*He,t) and (*He, «) reactions,
respectively. Gamma-transitions from the compound-nucleus can be nicely identified be-
low the neutron binding energy, while above (S,,4+600) keV, all the observed ~-transitions
correspond to the residual nucleus after neutron evaporation. Each spectrum is asso-
ciated to a table given in appendix N which gives the characteristics of the identified
~-transitions, as given by the NNDC database. The assignment was realized for all the
nuclei formed before and after neutron emission, namely 76175174173 ) and 173172Yp,
Each gamma transition is identified with its energy E., the energy of the initial level
FEjever, the initial and final spin-parity states (JII — J'II') and its half-life 7% /5. This
permitted us to verify the nature of the most important observed gamma-transitions
and we therefore believe that our identification of the transitions is robust. In addition,
the fact that we could assign the main y-ray transitions to the expected nucleus (before
and after neutron emission) reflects that the target used was isotopically pure.

4.8.3 Radiative-capture probabilities obtained with the Ge detectors

An alternative method to infer radiative-capture probabilities consists in measuring
ground-state band low-lying transition intensities. This method has been used in LLNL
experiments, as presented in chapter 2. Nevertheless, up to now, this method was limited
to even-even well-known decaying nuclei. In this case, it is assumed that all decay paths
go through the yrast 4t — 2% or 2% — 0" transitions. This makes detection efficiencies
associated to these transitions independent of E*. For an odd-odd compound-nucleus
like 17 Lu, it is not obvious to choose a low-lying y-transition that is supposed to collect
all the decays due to the spreading of the y-decay path over a large number of transitions.
In this case, the feeding of the low-lying transitions may depend on E*. We determined
the ratio between the sum of the intensities of several selected transitions and the cor-
responding number of ejectiles as a function of E£*. Since the detection efficiency is low
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Figure 4.42: Ge ~-ray spectra relative to the (*He, p)'"Lu* and (3He, pn)'"™ Lu* chan-
nels for different excitation energies of ™ Lu*. The initial spin-parity states
JII of each transition are given.
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Figure 4.45: The same as in fig. 4.42 but for the (3He, a)'™Yb* and (*He, an)'™Y b*
channels.
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4.8 Analysis of data taken with the Ge detectors

(<2%), the probability to detect two y-rays from the same ~y-cascade is negligible. Note
that the Ge detectors have the advantage that one can select only v-transitions relative
to the compound-nucleus of interest. No correction for inelastic events (n'y) is therefore
needed. In order to reduce statistical errors, the size of the excitation-energy bin used
was 200 keV. To obtain the y-decay probability, the measured ratio was normalized to
1 below S,,. The gamma transitions selected for the analysis are given in table 4.6:

’ Reaction channel \ Selected gamma transitions ‘
"y b(He, p)t™® Lu* 17— 17(71.51 keV) .87 — 77 (184.13 keV)
MY b He,d)' P Lu* | 3" — T (343.7 keV) 2 — 17(396.32 keV)
My b(PHe, t)! ™ Lu* | 27 — 37(208.36 keV) , 27 — 17 (320.09 keV) ,
0t — 17(281.16 keV), 8" — 77(340.69 keV)
Y b He, o) Y | 27— 27(233.6 keV) ,IT — I7(272.1keV),

— 27 (398.9keV),3” — 27 (461.5keV)

1-
2

Table 4.6: Gamma-transitions selected for the analysis.

The v-spectra were unfolded using Gaussian fits for the peaks and a quadratic fit for
the background. Unfortunately, this approach was abandoned because of the lack of
statistics. To overcome this problem, we used a one-dimensional background estimation
function already implemented in ROOT. After twenty iterations, the backgrounds were
found to follow polynomial of second order (see dotted red lines on the identification
~v-spectra). The transition intensities were then defined as the residual area of the peak
after background subtraction. In addition to statistical errors, we assumed a systematic
error of 10% in order to take into account the uncertainties in the background determi-
nation/subtraction and the probability normalization below the neutron-binding energy.
The obtained probabilities are compared to those obtained previously via the analysis of
the CgDg scintillators in figure 4.46. The radiative capture probabilities are rather well
reproduced with the Ge analysis. This indicates that either the feeding of the selected
transitions does not depend on E* or the selected transitions collect all the decays.
In addition, this good agreement shows several important points concerning the CgDg
analysis:

o There is no contaminant issue or severe systematic error for all the transfer chan-
nels.

e The (n'y) channel has been well subtracted.
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Figure 4.46: Radiative capture probabilities obtained in the surrogate experiment by
using the Ge detectors in comparison with the results obtained with the

CsDg detectors.
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4.8 Analysis of data taken with the Ge detectors

To conclude, we would like to stress that, reducing considerably the statistical errors,
this new technique could be envisaged to infer radiative capture cross sections in future
surrogate experiments. Nevertheless, further investigations are needed to understand
under which conditions:

o the feeding of the selected v-transitions is independent of E*.
or

 all the decay paths go through the selected y-transitions.
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“L'esprit n'use de sa faculté
créatrice que quand |'expérience
lui en impose la nécessité."

(Henri Poincaré (1854-1912))






Chapter 5

Interpretation of results

5.1 Study of the ™Y b(*He, py)!"Lu* reaction as a
surrogate for °Lu(n, ~)

5.1.1 TALYS calculations for the compound-nucleus formation
cross section

A TALYS calculation using an optimized deformed optical potential was realized by
Pascal Romain (CEA DAM DIF). Level density and strength function parameters were
adjusted to reproduce the known s-wave resonance spacings, average radiative widths,
and measured neutron-induced cross sections. Similar work has already been done for
the neighbouring hafnium isotopes in [Noguere 09]. Pre-equilibrium neutron emission,
width-fluctuation corrections and electron conversion are included in TALYS. To ensure
that we have reliable parameters in TALYS, we performed a neutron-induced experiment
(" Lu + n). This is detailed in appendix O. The statistical calculations were found to
reproduce all the measured observables. In order to infer the neutron-induced radiative
cross sections using the surrogate method, the compound-nucleus formation cross section
of the reaction ™ Lu +n was calculated. An error of 5% was assumed. Figure 5.1 shows
the different types of cross sections related to the ™ Lu +n reaction as a function of the
incident neutron energy. Below 1 MeV, the decay proceeds mainly through a compound-
nucleus. It is therefore reasonable to neglect the direct and pre-equilibrium contributions
since they are more than one order of magnitude lower than the CN contribution to the
total cross section.

5.1.2 Comparison with neutron-induced data and with calculations

Applying equation 2.1, the (n,~) capture cross section of '™ Lu, in the neutron-energy
range from 0 to 1 MeV, was deduced via the product of the measured y-decay probability
P,(E*) of '™ Lu* with the calculated compound-nucleus formation cross section in the
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Figure 5.1: TALYS calculation for the different contributions to the total reaction cross
section in '™ Lu + n.

neutron-induced reaction. The result is shown in figure 5.2 in comparison with neutron-
induced data, the ENDF/B-VII evaluation and the TALYS calculation from which we
extracted the CN cross section. Our surrogate cross section is too large on average
by roughly a factor 4. The assumption that the spin distributions populated in the
1"y b(3He, py) and '™ Lu(n, ) reactions are the same is questioned. This will be further
investigated in next section.

5.1.3 Comparison of the experimental radiative capture probability
with TALYS calculations

The experimental y-decay probability is compared with TALYS calculations for the
neutron-induced capture probability of ™ Lu and for the photon-induced capture prob-
ability of "Lu. Note that the parameters of the TALYS code have been tuned to
exactly reproduce the experimental data for the '™ Lu(n,~)'®Lu* cross sections, see
fig. 5.2. As can be seen in figure 5.3, our surrogate data present big discrepancies with
respect to the neutron-induced data, while we observe a much better agreement with the
176 Lu(~y, 7)™ Lu* calculation at low energies. This indicates that the JII distribution
populated in the 1™Yb(3He, p) surrogate reaction is close to the one populated in the
photon-induced reaction. The ground-state JII of ' Lu and " Lu are respectively %+
and 7. On the other hand, the spin of a neutron and a E1 photon are respectively %
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5.1 Study of the 'Y b(3He, py)'™ Lu* reaction as a surrogate for '™ Lu(n,~)

1™Lu(n,y) cross sections (barns)

- -TALYS R G
10—1 1 1 | 1 1 | 1 1 1 | 1 1 1 | 1 1 1 |
0.2 0.4 0.6 0.8 1
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Figure 5.2: Radiative capture cross section of 1™ Lu obtained from ™Y b(®He, py)*™ Lu*
compared to existing neutron-induced data and to various evalua-
tions. Details on the neutron-induced measurements can be found in
[Stupegia 68],[Macklin 78], [Beer 81], [Beer 84] and [Wisshak 06].

177



Chapter 5 Interpretation of results

and 1. The angular momentum composition gives:

— — —

[+i+i=J (5.1)

where I is the spin of the target, i is the spin of the captured particle, ['is the orbital an-
gular momentum transferred in the reaction and J is the spin of the compound-nucleus.
In the case of neutron-induced reactions, the orbital angular momentum transferred in-
creases with the neutron energy. For s-wave neutrons, only = 0 can occur. In the
case of photons, E1 transitions are predominant. That is why the angular momentum of
176 Lu populated by low-energy neutrons is mainly centered between 3 and 4 i (3 +1 h),
while the angular momentum populated in the photon-induced reaction is much higher
(7 + 1 h). Consequently, the big discrepancies found at low E* can be explained by
the differences between the spin distributions populated in photon- or transfer-induced
reactions and neutron-induced reactions. For excitation energies after neutron emission
below the first excited state of ™ Lu (113keV,2"), the (n,7) decay channel is only in
competition with the compound-elastic channel (n,n), where the residual nucleus is left
in its ground state after neutron emission. The nucleus can only decay to one state with
a well-defined JII (%+) that corresponds to the spin of the target I. This particular
exit channel is extremely sensitive to the spin of the compound-nucleus "®Lu*. The
compound elastic channel (n,n) is allowed since for low energy neutrons the spin of
the compound-nucleus verifies I+ % = J~ I Hence, the emission of slow s-neutrons

leaves the residual nucleus in its ground state I. In the left part of figure 5.4, TALYS
calculations for the neutron-induced reaction show clearly that the (n,n) channel is the
dominant decay channel right above S,,. Moreover, it remains rather strong up to about
8 MeV excitation energy. The (n,n’) channel sets in above S,, + 113 keV and becomes
predominant at higher energies. Consequently, the (n,~) radiative capture is expected
to decrease very quickly at S, because of the openned (n,n) and (n,n') decay channels.
However, as said above, the angular momentum induced by the (*He, p) transfer reac-
tion seems to be also centered around 7 A, which is about two times higher than the
angular momentum of the '™ Lu ground state %Jr. Under these conditions, J #+ I and the
population of the ground state of 1™ Lu after neutron emission is very improbable. The
same strong spin selectivity is also expected for the first excited states of the residual
nucleus. Therefore, at the lowest energies above .S,,, y-emission is the dominant decay
channel. This is illustrated on the right part of figure 5.4. In conclusion, the differences
in populated spins and the high selectivity of the (n,n) and (n,n’) decay channels are
at the origin of the large discrepancies observed between surrogate and neutron-induced
measurements.
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Figure 5.3: Radiative capture probability measured in the "™Yb(3He, py)'™ Lu* reac-
tion as a function of the E* of 1™ Lu (black dots) compared to predictions
performed with TALYS. The red dashed-line is the neutron-induced cap-
ture probability (n,~) of ™ Lu. The blue dotted-line is the photon-induced
capture probability (v,7) of 1 Lu.
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Chapter 5 Interpretation of results

5.1.4 Determination of the populated angular momentum
distribution using TALYS

Since the gamma decay probability of " Lu* is very sensitive to JII, we investigated a
method to extract the populated JII distribution from a fit to the experimental decay
probability using the branching ratios calculated by TALYS. Figure 5.5 shows TALY'S
calculations for the v-decay probabilities for various spin/parity states as a function of
the excitation energy of '"Lu*. The calculation included 54 discrete levels of 176 Lu.
The lower limit of the continuum is the energy of the last discrete level at 772 keV. In
addition, 19 discrete levels for the residual nucleus after neutron evaporation ' Lu were
taken into account. Figure 5.5 clearly illustrates the sensitivity of v-decay probabilities
to the JII of the decaying compound state. The clear drop just above S, due to the
competition with the (n,n) channel is only observed for spin values of 3 to 4 h. For
all the other spins P, remains close to 1 near S,. Note also that for the highest spins,
P, remains equal to 1 over several keV. This is due to the impossibility to populate the
first-excited states of 1™ Lu after neutron emission. At these excitation energies it is very
unlikely that the emitted neutron carries high angular momentum. It is clear that the
Weisskopf-Ewing approximation is not valid in this region.

According to equation 2.1, the experimental gamma-decay probability P,(E*) can be
written as:

Y\ 1 —% TALY S [
P (E") ~ % [20\/%6 2 ] G (E*, J,10) (5.2)

where the angular momentum distribution FCV(E*, J,11) is expressed as a Gaussian
without dependence on the excitation energy. The two parities are assumed to be equally
populated. The two unknown parameters J and o correspond to the average value and
the standard deviation of the spin distribution. These quantities are obtained by fitting
eq. 5.2 to the experimental radiative capture probability using the branching ratios
GIAWS(E*, J,1I). By fitting our data from 5.5 to 7.4 MeV, as shown in figure 5.6, we
obtained a spin distribution centered at < J >= 7.1h with ¢ = 2.3h. A high y*-value
(close to 2) was obtained which is due to discrepancies above E* > 7 MeV. By fitting our
data only up to 7 MeV, the x?-value becomes excellent (close to 1): the obtained spin
distribution had still < J >= 7.1k but with a lower o = 1.8h. For comparison, the spin
distribution populated in a neutron-induced reaction for F,, = 1 MeV has < J >= 4h
with o = 1.3h, see fig. 5.7. It should be investigated to which extent the obtained angular
momentum distribution can be extrapolated to heavier target nuclei (e.g. actinides). It
would be more than desirable to have the support of theoreticians to evaluate how much
does the populated spin distributions depend on the target nucleus. More precisely, one
needs to study for example the influence of the single-particle structure of the target
nucleus on the angular momentum distribution.
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5.1 Study of the 'Y b(3He, py)'™ Lu* reaction as a surrogate for '™ Lu(n,~)

5.1.5 Determination of a more realistic populated angular
momentum distribution

In the following, we investigate a formalism to extract the transferred angular momen-
tum and spin distributions through a more realistic approach that does not assume equal
probability for positive and negative parities. We know that direct reactions predomi-
nantly excite particular states in the compound-nucleus: single-neutron-states in (d, p)
reactions, single-proton-states in (*He, d) reactions or quasi-particle states in (, p) reac-
tions. The analysis of the angular-dependent cross sections of these reactions is one of the
most important ways for the determination of the structure of nuclear states in the low
excitation-energy range. In the excitation-energy region of interest in this work (above
Sp=6.29 MeV), the particular single-particle states JIl,, are predominantly mixed to
many complex overlapping compound states JII. described by the statistical model.
This is confirmed by our measured singles spectrum that varies very smoothly with the
excitation energy. If we consider one of the particular states JII, , this state is mixed
to the neighbouring complex states JII.. In other words, the strength of single-particle
level is spread over a large number of complex states JII. having excitation energies
roughly between E,, +I'y and E,, — I's, where I'y is the mixing width of the consid-
ered single-particle states. The damping of the particular single-particle state into the
continuum is usually described by the strength function concept. Unfortunately, these
strength functions are very difficult to be obtained. To overcome these problem, B.L.
Andersen and B.B. Back ([Andersen 70]) defined a similar function that describes the
spreading as a function of the excitation energy E* and the discrete energy Ej, of the

particular state JIlI;,. The spreading function is approximated by a Lorentzian given
by:

1 I
2m (Esp_E*)2+%g

L(E¥) (5.3)
The spreading width 'y is described by the average transition rate given by first-order
perturbation theory ([Lewis 75]):

[, =21 <C?>Q(E") (5.4)

where Q(E*) is the level density of the compound nucleus at E* and < C? > is the
average perturbation matrix element between the initial single-particle state and one of
the final compound states. The latter equation is known as the Fermi’s Golden Rule
and says that the transition rate is related to the strength of the coupling between the
initial and final states available to the compound nucleus. The differential cross section
is given by:

(5.5)
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where o), is the cross section for the formation of the particular state JII, fed by the
transfer reaction and is usually determined by DWBA calculations in the continuum.
Figure 5.8 illustrates the spreading of only one populated single-particle strength (top
panel) into the continuum of compound states (middle panel). As a result of the near
energy degeneracy between the populated particular state and the complex states, this
particular state readily mixes with the continuum of compound levels. The associated
differential cross section o. (bottom of figure) corresponds to the «thermalizationy» of
the single-particle energy.

0p(E¥) v
PARTICLE SHELLS ‘
L1 |,\'| N
CONTINUUM o
E*
o,(E*) |
E*

0 4 8 12

Figure 5.8: Schematic illustration of the spreading of a single-particle strength (upper
panel) into the continuum of compound states (middle panel) that leads to
the associated cross section o, (bottom panel). [Lewis 75]

We make a further approximation where we consider that the spreading function is
simply proportional to the level density:

L(E*) x Q(E") (5.6)

The main argument behind the above equation is to consider that the matrix element
< (C? > does not depend on the excitation energy E*, spin J and parity II of the
compound state. This yields to a simplified expression for eq. 5.5 where the spin and
parity distributions of the residual nucleus populated at the excitation energy E* through
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the particular state JII,, are given by:
FEN(E* J, 1) o Q(E*, J).Py(E*, J, 1) (5.7)
where:

o Q(E*,J) isthe level density. Asshown insection 1.4.2, Q(E*, J) = R(E*, J).Qo(E")
and R(E*,J) =~ R(J).

o Py, (E*, J,1II) is the probability for the formation of the particular state JII, fed
by the transfer reaction.

In this work, we will suppose that the two quantities 2 and F;, are independent of E*:

FEN(JTT) = R(J).Py,(J, 1) (5.8)

We would like to stress that the latter equation has been already used by B. Back et
al. ([Back 74b]), M. Mermaz ([Mermaz 80]) and W. Younes et al. ([Younes 03al). In
the following, we explain our derivation of the quantity FCV(J,II). According to eq.
5.1, we define the total angular momentum transferred as:

J=i+l (5.9

Starting from a final spin J we have two unknown and correlated quantities ; and [.
We know from the egs. 5.1 and 5.9 that the modulus of j and [ are restricted to:

| J—T|<j<(J+1) (5.10)

| j—il<i<(j+1i) (5.11)

The final spin and parity distribution of the compound-nucleus is then given by:

J+I J+i H I, (_1)1)
FCN H I, 144,
(7 BB N

J=lI=1|1=|j—i|

(5.12)

Note that the double summation takes into account all possible ways to compose J
from j+ I (with eq. 5.10) and all possible ways to compose j from [ 44 (with eq. 5.11).
The number of these couplings is given by:

J+I J+i

oY1 (5.13)

J=lT=1]1=]j—i|

The final expression for F¢V is normalized:
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STEEN(JI) =1 (5.14)
JI
The dimensionless quantity P, describes the probability for transferring a given orbital
angular momentum in the transfer reaction. We recall that, in our case, P, was not
determined by DWBA calculations. We assumed an analytical form and constrained it
via a fit to the experimental capture decay probability using TALYS branching ratios
GzALYS (E*, J,1I). In this work, we tested several shapes of P, without dependence on
the excitation energy. Very often the spin distribution is described by the sharp cutoff
description:

P 2+1) if 1<lpw ; BP=0 if 1> lna (5.15)

where the unknown parameter is nothing but the term ,,,, described in figure 5.9. A
more sophisticated description consists in using a Wood-Saxon function to smooth the
drop at [,,4z:

1

_ (-lmaa)?

1+e %

The term ¢; gives the decay slope of the Wood-Saxon function. Nevertheless, as
shown schematically in figure 5.9, a Gaussian distribution reproduces nicely the latter
distribution at high angular momenta which are known to be preferentially populated
in transfer reactions (peripheral collisions):

Proc(2041) (5.16)

P 1 _u=h?

) X 20\/%6 2 (5.17)
with the two free parameters [ and o corresponding to the average value and the
standard deviation of the angular momentum transferred. We obtained the full spin
distribution by combining eq. 5.16 and eq. 5.12, and eq. 5.17 and eq. 5.12. The fit to
our experimental data using TALYS branching ratios gave very similar results in both
cases. Therefore, for simplicity, we will concentrate on the Gaussian description (eq.

5.17) in the following.

The latter quantities are obtained by fitting our experimental data with the the an-
gular momentum distribution given by the combination of eqs. 2.1 and 5.17 and the
branching ratios (see Fig. 5.5). In the case of the transfer reaction (*He, p), the 1-proton
and 1-neutron transferred can be coupled in two ways: ¢ = %—% =0Ohand i = %—i—% = 1h.
Results of the fit for both cases are shown in figure 5.10. The transferred angular mo-

mentum in the ™Y b(3 He, p) reaction is about 8 i with a RMS deviation equal to 3.4-3.8
h depending on the value of ? considered. Note that the spin of the transferred particle
does not play a significant role in the average angular momentum and o. However, as
shown in figure 5.11, the parity distribution is found to be very sensitive to the spin of the
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Figure 5.9: Transferred angular-momentum distributions investigated in this work.

transferred particle. For ¢ = 0h, only natural parities are populated. On the other hand,
the case ¢ = 1h allows for all spin-parity combinations. The spin distribution obtained
in section 5.1.4 (assuming that the parities are equally populated) is represented by the
dashed line in figure 5.11. The latter is in very good agreement with the distribution
that results from adding the distributions for positive and negative parities.

5.1.6 Information on the spin distribution from Ge detectors

Low-lying transition intensities have been used to derive the radiative capture probability
in section 4.8.3. We compare in figure 5.12 the -ray spectra relative to our surrogate
experiment at £* = S,, with data obtained in the neutron-induced reaction '™ Lu(n, ) at
thermal energies ([Andrejtscheff 74]). In our data, the y-ray transitions coming from de-
excitation of the 8% level (located at 424.9 keV) are clearly observed at 424.9 keV and 241
keV. In Andrejtscheft’s spectra, these y-ray transitions are not observed. On the other
hand, the 139.3 keV transition coming from the decay from the 47 level (E* = 372.5 keV)
is well fed in the neutron-induced reaction, whereas it is not observed in our surrogate
data. These kind of observations clearly reinforce our previous conclusion, namely the
population of higher spins in the (3He, p) transfer reaction.
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5.2 Study of the 'Y b(3He, ay)!™Yb* reaction as a
surrogate for 'Y b(n, )

5.2.1 TALYS calculations for the compound-nucleus formation
cross section

As in the previous section, different parameters of the TALYS code were tuned by P.
Romain to best reproduce the existing neutron-induced data for ™Y b(n,~). Figure
5.13 shows the different contributions to the total reaction cross section. Direct and
pre-equilibrium reactions are clearly below the compound-nucleus cross section and are
neglected in the application of the surrogate method.
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Figure 5.13: Competition between the different reaction mechanisms in '"2Yb + n. The
compound-nucleus formation cross section is given (dotted blue line).

5.2.2 Comparison with neutron-induced data and with calculations

The (n,v) capture cross section of YD, in the neutron energy range from 0 to 1
MeV, has been deduced via the product of the measured ~-decay probability P, (£*)
of 1Y b* and the calculated compound-nucleus formation cross section in the neutron-
induced reaction. Our data are compared with already existing neutron-induced data
and various predictions in figure 5.14. Again, the transfer-induced results are much
higher (by a factor 10 at the lowest energies!) than the neutron-induced data.
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5.2.3 Comparison of the experimental radiative capture probability
with TALYS calculations

To understand such discrepancies, the experimental «-decay probability is compared
with TALYS calculations for the neutron-induced capture probability of '?Yb and for
the photon-induced capture probability of 1Y b. Results are presented in figure 5.15.
Obviously, our surrogate data present big discrepancies with respect to the neutron-
induced data. In this case, the photon-induced capture probability is shown to be below
the transfer-induced data. The two TALYS calculations show clear changes of slope at
S, and at energies that correspond to the first and second excited states of the even-
even '?Y’b. They indicate the reduction of the capture decay probability caused by the
competition with neutron emission leaving the residual nucleus '"2Yd in the ground state,
in the first or in the second excited state. These changes in slope can also be observed
at similar energies for the 'Y b(3He, a)'™Y b reaction although in this case the changes
due to higher states are also observed. We recall that the energy resolution of our
measurements is 80 keV. Similar observations are very difficult in the case of an odd-
odd nucleus like '™ Lu because of our excitation-energy resolution and the important
number of states already present at low E*. Whereas the neutron-induced reaction
decays preferentially (90%) through the (n,n) channel (see figure 5.16), for the transfer
and photon-induced reactions the decay probability remains high until the E* of the first
excited states are reached, indicating that the emission of neutrons to the ground state
of 172Y'b is strongly suppressed. Also the drops in the experimental capture probability
are less intense than for the (n,7) and (7, ) reactions. This suggests that the average
angular momentum populated in the transfer reaction is significantly bigger and that
the spin distribution is broader than for the neutron and photon-induced reactions. The
spin population of 1Y b* is around 0 — 1A in the neutron-induced reaction. The ground
state of 7™Ybis 57, therefore the angular momentum of '™Yb after photon absorption
will lie between % and %h. The latter values are smaller than the ones populated for
176 Iy whose ground-state spin is 7*. This explains why in this case the radiative capture
probability obtained in the photon-induced reaction is clearly below the one obtained in
the transfer reaction.

5.2.4 Determination of the populated angular momentum
distribution using TALYS

Figure 5.17 shows TALYS calculations of the v-decay probability for various spin/parity
contributions as a function of the excitation energy of the '™Yb compound-nucleus.
Due to the low level density in the residual even-even nucleus "2Y'b below the pairing
gap, the onset of the neutron-decay to each state corresponds clearly to a discontinuity.
The drop at S, corresponds to the opening of the elastic neutron channel that is only
observed for spin values close to 0 A and is particularly strong for positive parity. The
Weisskopf-Ewing approximation is also clearly not appropriate here. As a conclusion,
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~v-decay probabilities are extremely sensitive to JII because of the high spin-selectivity
of neutron-decay. Gamma-decay is therefore strongly influenced by the structure of the
low-lying states of the residual nucleus after neutron emission. As already discussed in
section 1.6.2, the situation is hence expected to improve as one moves to heavier nuclei
and away from closed shells.

As for the (3He, p) reaction, we can extract rather direct information on the transferred
angular momentum in the ™Y b(3He, o) reaction from a fit to the experimental capture
probability using equation 5.2 and the branching ratios from TALYS. We recall that
eq. 5.2 assumes equal probability for positive and negative parities. As illustrated in
figure 5.18, we obtained a spin distribution centered on J = 3.9h with ¢ = 3.2h. The
considered energy range extends from 5.5 to 7.5 MeV and the y?-value was found to be
reasonably good. For comparison, the spin distribution populated in a neutron-induced
reaction for £, = 1 MeV has < J >= 0h with o = 1.3h, see fig. 5.19.

5.2.5 Determination of a more realistic populated angular
momentum distribution

As explained in section 5.1.5, we extracted the transferred angular momentum and spin
distributions through a more realistic approach that takes into account the explicit parity
dependence. In the case of the transfer reaction (*He,a), the spin of the transferred
neutron is ¢ = %h. Results of the fit are shown in figure 5.20. We deduced the transferred
angular momentum in the Y b(3He, o) reaction, which is about 3 A with a RMS
deviation equal to 3.8 h. Applying eq. 5.12, the spin-parity distribution of the CN can
be inferred. As shown in figure 5.21, the obtained spin distribution is in good agreement
with the one obtained in section 5.2.4 (dashed line). However, there are important
discrepancies for lower spins. In this region, the spin distribution seems to have a linear
trend and is not well reproduced by the Gaussian.
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5.2.6 Comparison of our results with a theoretical prediction of
angular momentum distribution

We saw in sections 1.6.1 and 5.1.5 that it is very difficult to determine theoretically the
angular momentum distributions populated in transfer reactions. We believe that the
spin distributions obtained in this work are very valuable for this purpose. We recall that
in [Thompson 06], DWBA calculations were performed with FRESCO ([Thompson 00])
to infer the angular-momentum distributions generated using a (*He, ) stripping reac-
tion on 238U In collaboration with I. Thompson, we plan to perform similar calculations
for the 1Y b(3He, o) reaction. This work is in progress. We stress that this study is ex-
tremely important to investigate the dependence of the transferred angular-momentum
distribution with the target nucleus. In this way we can evaluate to which extent we
can use the spin distributions obtained in this work for the same transfer reaction but
with a heavier target nucleus.

5.3 Study of the 'Y b(*He, dv)'™ Lu* and
1y b(3He, ty)'™Lu* reactions as surrogates for
M Lu(n,~) and ' Lu(n,v)

In this section we consider the (*He, d) and (*He, t) channels that lead to nuclei for which
there are no neutron-induced data. Nevertheless, neither the neutron transmission coef-
ficients nor the gamma-strength functions are expected to be very different from those
of the neighbouring nuclei studied before. TALYS calculations have been performed
by P. Romain. As shown in figures 5.22 and 5.23, our experimental radiative capture
probabilities for ™Y b(3He, dy)'™ Lu* and ™Y b(*He, )™ Lu* over-estimate TALYS
predictions for the corresponding neutron-induced reactions. A study of these reactions
has been realized in order to infer the angular momentum distributions populated in
these transfer channels. A preliminary analysis assuming a Gaussian distribution for o,
(see eq. 5.17) gives a transferred angular momentum around 4A with a o of 4.9 £ in the
case of 'Y b(3He, d) reaction. The analysis of the ™Y b(*He, t) seems to predict much
more transferred angular momentum. This work is in progress.

198



5.3 Study of the ™Y b(3He, dy)'™ Lu* and '™Yb(®He, ty)'™ Lu* reactions as
surrogates for '™ Lu(n,~) and ™ Lu(n, )
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Figure 5.22: Radiative capture probability measured in the ™Y b(3*He, dv)'"™ Lu* reac-
tion as a function of the E* of the '™ Lu (black dots) compared to TALYS
predictions for 1™ Lu(n, ) reaction (red dashed-line).
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Figure 5.23: Radiative capture probability measured in the ™Y b(®He, tv)'™ Lu* reac-
tion as a function of the E* of the '™ Lu (black dots) compared to TALYS
predictions for 1™ Lu(n, v) reaction (red dashed-line).
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Chapter 6

Discussion

6.1 Consequence of the spin-parity mismatch in the
entrance channel

Our experimental results indicate that the angular momentum populated in the transfer
reactions used is significantly higher than the one populated in neutron-induced reac-
tions. These differences explain the big discrepancies observed between the surrogate
and the neutron-induced capture measurements. Right above S,,, the compound elastic
(n,n) decay channel is predominant and has the particularity to be extremely sensitive
to the spin and the parity of the decaying nucleus. Our experimental data clearly reflect
that this decay channel is not accessible in the transfer reactions we have considered.

At low neutron energy, the transferred angular momentum is j:% h and this is most
probably the angular momentum carried away by the neutron in the compound elastic
reaction. The consequence is a very good matching of the compound-nucleus spin with
the ground state of the target nucleus. This is why neutron emission leading directly to
the ground state of the residual nucleus is the natural way of decay for neutron-induced
reactions at low energies. However it is highly improbable for any other reaction (photon-
induced, transfer-induced, ...) to transfer so little angular momentum. That is, transfer
reactions involve a blocking of the elastic neutron emission that leads to the supremacy of
~v-decay. Since, for rare-earth and actinide nuclei, the neutron binding energy is around
6 MeV, the excited nucleus is in the continuum and can consequently always decay by
the emission of y-rays that carry both large angular momenta and part of the excitation
energy of the compound-nucleus.

When the equivalent neutron energy increases, the first excited states of the residual
nucleus after neutron emission become available. The spins of these states are usually
relatively small. Consequently, one expects neutron emission to these states to be also
highly suppressed for decaying nuclei with high angular momentum (see Fig. 6.1).
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Figure 6.1: Schematical representation of the decay of of 1"® Lu* assuming an initial spin
around 7 h. The competition between gamma and neutron decay for E* =
S, + 300 keV is considered. Neutron emission to the first states of '™ Lu is
very unlikely.

At higher equivalent neutron energies, the spin-parity selectivity of the neutron emis-
sion is strongly attenuated by the high level density. The Weisskopf-Ewing hypothesis
may be valid in these conditions. Actually, the Weisskopf-Ewing limit strongly depends
on the structure of the residual nucleus after neutron emission. This limit becomes lower
as one moves to heavier target nuclei. For example, while the well-deformed odd-odd
rare-earth 1™ Lu has over 60 levels below 1 MeV (with the first excited state at 113 keV),
the even-odd actinide nucleus ?**U has approximately 90 levels (with the first excited
state at 76 keV).

To summarize, we have shown that the spin sensitivity of neutron emission at the
lowest energies is at the origin of the important discrepancies found between neutron-
induced data and the results obtained with the transfer reactions investigated here. This
hinders the use of the surrogate method to infer (n,~) cross sections in the vicinity of

Sh.-

6.2 Comparison with other surrogate experiments
applied to radiative capture

Previous surrogate experiments applied to radiative capture have been reviewed in sec-
tion 2.1.2. The 233 Pa(n, ) cross section was determined by S. Boyer et al. via the
222Th(*He, p) surrogate reaction ([Boyer 06]). Our conclusions may indicate that the
23 Pa(n,y) cross section is likely to be overestimated, perhaps by as much as a factor
of 2. As illustrated in figure 2.6, a smaller cross section would be more in line with
the recent evaluations. The discrepancies are smaller than for the nuclei studied here
which makes sense because the increased number of levels of the residual nucleus 233 Pa
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compared to rare-earth nuclei. For instance, the first excited state (5 ) of ***Pa is just

6.65 keV above the ground state (%_) and higher spin states are available at low energies

(17 at 57 keV, 37 at 109 keV, 7 at 133 keV, 137 at 173 keV, etc...).

2

Our conclusions are reinforced by the recent work of N. Scielzo et al. ([Scielzo 10])
where the ¢158Gd(p, p'v) surrogate reactions were used as surrogates for 1*>157Gd(n, v),
respectively. As illustrated in figure 2.9, the obtained %>'°7Gd(n, ) cross section differs
up to a factor of three from the directly-measured cross section. These discrepancies
have also been attributed to the JII mismatch. The comparison of the surrogate data
with calculations using a statistical model indicates that higher spins (between 5 and
8 h) are populated in the (p,p’) reactions. Note that a similar observation was also
done in the case of the 23U («, o) reaction as a surrogate for 237U (n,v) (see fig. 2.8,
[Bernstein 06]).

Recently, J. Wilson et al. used the *3?Th(d, py)*3Th* reaction as surrogate for the well
known ?¥2T'h(n,~) reaction ([Wilson 11]). As shown in figure 2.11, a good agreement
between the surrogate and the neutron-induced data above 600 keV was found. For
E,<600 keV the discrepancies are probably due to the spin-parity mismatch and the
spin selectivity of the neutron decay. For higher energies, the populated spin distribution
in the (d, p) reaction gets closer to the neutron-induced one and/or the spin selectivity
of neutron-emission is attenuated by the higher level density of the residual nucleus.

We also would like to discuss the studies performed by B. Goldblum et al. where
the SRM was used to infer the ' Dy(n,v) cross section using both (*He,* He'y) and
(®*He, ary) surrogate reactions ([Goldblum 10]). The reference cross section was ° Dy(n, 7).
Details on the experiment can be found in section 2.2.1.2. In this work:

o the measured capture cross section was found to be under-estimated when com-
pared with already existing neutron-induced data. However, we have seen in the
previous sections that for transfer reactions, angular momentum effects lead to
capture probabilities that are considerably higher than the neutron-induced ones.
Therefore, the results of [Goldblum 10] illustrate the difficulty for interpreting re-
sults obtained with the SRM.

o+ the surrogate cross section extracted using the (*He,® He'vy) reaction overlaps
within the systematic error with the cross section extracted using the (*He, ay)
reaction, indicating no significant entrance-channel effects. However, our work pro-
vides an estimation of the angular momentum transferred in (3He, p) and (*He, a)
reactions and proves that the angular momentum transferred strongly depends
on the transfer reaction used. Again, we think that it is difficult to interpret in
terms of populated angular momentum the agreement found for the two transfer
reactions in [Goldblum 10]. The agreement can be the result of the interplay of
various effects that cancel by chance when two decay probabilities are divided.
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o the authors proposed to put a high threshold in the y-energy in order to detect
only statistical y-rays and suppress the effect of angular momentum discrepancies
in the entrance-channel. Note that this work concerns even-even compound nuclei
which are susceptible to decay through resolved states. Our work shows clearly
that the problem does not come from the y-decay of the compound-nucleus itself
but from the structure of the residual nucleus after neutron emission. We recall
that in our case, a 200-400 keV gamma threshold (depending on E*) was applied
on even-odd and odd-odd compound nuclei where the level density is relatively
important. This allowed us to suppress the v-rays emitted by the residual nucleus
after neutron emission. Except for suppressing the (n'v) contribution, a high
threshold does not remove the spin-parity mismatch effects since statistical y-rays
will still be sensitive to the competition with neutron decay.

6.3 Perspectives of the surrogate method applied to
radiative capture

The strong spin-parity dependence of the neutron-decay channel makes extracting (n, )
cross sections from surrogate measurements very challenging. This underscores the ab-
solute need to account for the spin-parity mismatch between the surrogate and the
neutron-induced reactions. We think, however, that surrogate y-decay probabilities can
provide very valuable information if the angular momentum distribution populated in
the transfer reaction is known. The procedure is schematically illustrated in figure
6.2. According to eq. 1.55, one can use the spin-parity distribution to extract the
~v-branching ratios from the v-decay probability measured in a surrogate experiment.
These branching-ratios can in turn be used to tune key parameters of the statistical
model, which in combination with the optical model can then yield reliable predictions
for (n,~) cross sections.

One should stress that such perspective is applicable if the spectroscopy of the decay-
ing and the residual nucleus after neutron emission is well known, since we have seen
that the competition with neutron emission is principally responsible for the form of
the v-decay probability. At present, promising work is underway to model pickup and
stripping reactions (see section 1.6.1). Note that surrogate reactions will probably be
the only possibility to access short-lived nuclei whose cross sections are highly relevant
for reactor physics and nuclear astrophysics. In this context, (d,p) and (p,d) reactions
are particularly important for surrogate measurements using radioactive beams in in-
verse kinematics. Last, but not least, the modelling of (*He, p), (*He,d) and (*He, )
reactions is also of great interest. Since the angular momentum distribution populated
by the compound-nucleus depends on the detection angle of the ejectile, such predictions
will be very useful to find experimental conditions (target, transfer reaction, detection
angle) that reduce the difference of spin distributions in the surrogate and neutron-
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Modelisation of.the y-decay probability
- Spin-parity distribution surrogate reaction

of the compound nucleus

Branching ratio determination

v

Tuning of the statistical model parameters

v

(n,y) cross section prediction

Figure 6.2: Procedure for extracting (n,) cross sections using surrogate reactions.

induced reactions. Unfortunately, reaction mechanisms involving the transfer of several
nucleons are still poorly known theoretically. An important effort from theoreticians
and experimentalists should be done in order to determine these distributions.

6.4 Why does the surrogate method work for fission?

Even though this work concerns rare-earth nuclei, we would like to stress that it has
important consequences for the application of the surrogate method in the actinide
region. This section focuses on the following question: why the fission probabilities
of the actinides measured by G. Kessedjian et al. ([Kessedjian 10]) appear not to be
sensitive to the differences in populated spin distributions? We recall that the reac-
tions 2B Am(®He, a)*2Am*, *PAm(3He, t)*3Cm* and ** Am(3He, d)***C'm* were used
as surrogates for 2! Am(n, f), 22Cm(n, f) and**3Cm(n, f), respectively. The obtained
cross sections are shown in figure 6.3 for low neutron energies.

6.4.1 Study of the *Am(*He, a)**2 Am* reaction as surrogate for
#Am(n, f)

In the **Am(®He, «) reaction, the fissioning nucleus **2Am is doubly-odd (S, =5.537
MeV, B;,=6.32 MeV) and the residual nucleus after neutron emission **'Am is odd-
even. Assuming that the transferred angular momentum distribution does not depend
so much on the target nucleus, the present work has shown that the angular momen-
tum transferred in the (3He, «) reaction is around 4 h according to what we learnt in

the study of '™Yb(®*He, o). The ground-state spin and parity of ***Am are 3~ hence
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Figure 6.3: Cross sections for > Am(n, f) , *2Cm(n, f) and*3Cm(n, f) obtained via
BAmBHe,a)*2Am*, *BAm(®He, 1)*3Cm* and *3Am(3He, d)***Cm*, re-

spectively. Neutron-induced measurements are also shown for comparison.

we can predict that for the ?*Am(®>He, ) reaction the spin of the compound-nucleus
242 Am* is centered around ? h. In contrast, the neutron-induced reaction is expected to
populate a spin distribution around 3 h. However, as shown in figure 6.3, the surrogate
data for fission are in very good agreement with the direct measurements. If neutron
emission would be blocked, we would have seen a clear increase of fission. Thus, the
good agreement with the neutron data at the fission threshold indicates that neutron
emission is not sensitive to a difference of a factor 2 between the spins populated in both
reactions. This may be due to several aspects. The fissioning nucleus 22 Am is odd-even
and there are many states available above the fission barrier Bf,. Moreover, the fission
threshold is located at about £* = S,,+800 keV, that is, high enough to give access to
many nuclear states of the residual nucleus 24! Am after neutron emission. To deeply
understand the experimental results, TALYS calculations have been performed using
the spin distributions described above. Table 6.1 gives the decay probabilities corre-
sponding to different spin distributions of 22Am* at E* = 7 MeV (E,, = 1.43 MeV). The
experimental fission probability is in good agreement with the calculated ones. However,
the calculations show that the radiative capture probability is particularly sensitive to
the spin-parity distribution. Unfortunately, important relative deviations are always
observed for capture. Since the radiative capture cross section drops very quickly, it
only represents few % of the total decay. Consequently, any variation of few % due
to the spin-parity mismatch represents in relative several factors. For example, given

P, = 6.8% and Py = 60.6%, an absolute variation of AP, = 6.9% and AP; = 3.3%

AP — 101% and 22 = 5.4%. Note that in this case, the

leads to a relative variation of 5 5
el f
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6.4 Why does the surrogate method work for fission?

calculated discrepancies are however found to be considerably lower than the measured
deviations observed for rare-earth nuclei (factor 5 to 10).

n +241 Am 242Am* 234Am(3H€, af)242Am*
Jr3h, o~2h | J=6h, 0=3.2h [Kessedjian 10]
Py 60.6% 57.3% 59.053% (4.94%)
P, 32.6% 29% not measured
P, 6.8% 13.7% not measured

Table 6.1: Calculated decay probabilities of ?*24Am* at E* = 7MeV obtained with
TALYS for two different JII distribution compared to the experimental fission
probability obtained in [Kessedjian 10].

6.4.2 Study of the **Am(3He, t)*3Cm* and *3Am(3He, d)**Cm*
reactions as surrogates for 22C'm(n, f) and **Cm(n, f)

For these cases, unfortunately we have not yet reliable information on the angular mo-
mentum induced by the (*He,t) and (3He, d) reactions. In the ?*3Am(3He, t) reaction,
the fissioning nucleus ?*3Cm is even-odd (S,=5.693 MeV, B;,=6.40 MeV) and the resid-
ual nucleus after neutron emission ?*?C'm is doubly-even. In the ?*3Am(®He, d) reaction,
the fissioning nucleus ?**Cm is even-even (S,=6.801 MeV, B;,=6.18 MeV). Note that
the neutron-induced data for 2*2C'm show a structure at F,,= 800 keV that could corre-
spond to a resonant fission transition. However, our energy resolution prevents us from
concluding about the reproduction or not of the structure. In general, a good agreement
of the surrogate data with the neutron-induced measurements was observed. This can
be explained by a relative high level density of the residual and the fissioning nuclei
and by spin distributions centered at values that are perhaps a factor 2 higher than for
neutron-induced reactions but not much more. Indeed, the first excited states for the
doubly-even 22Cm are 27 (42 keV), 47 (138 keV), 67 (284KeV). That indicates that
high-spin states are already available at low energies and that neutron emission or fission
is possible despite the higher angular momentum of the decaying nucleus.
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Chapter 7

Perspectives

7.1 '"™Yb(p, d) reaction

In January 2012, our colleagues! from CEA-DAM-DIF will study the ™Y b(p, d) reaction
as a surrogate for the '™?Y'b(n, ) reaction. The counting of the number of y-cascades
using Ge detectors will be used to extract the y-decay probability of the compound-
nucleus created in the ™Y b(p, )Y b* reaction. The STARS AFE silicon detectors will
be placed in order to cover 40-70° and 120°-145° degrees in the laboratory frame. The
same method as the one used in this work will be applied to extract the populated
spin-parity distributions which will be used to constrain the modelization of the (p,d)
reaction.

7.2 33U(d,pf) and (d, py) reactions

In 2012, we plan to infer the ?**U(n, f) and the 38U (n, ) cross sections via the 23U (d, p)**°U*
surrogate reaction. We will join the collaboration with the University of Oslo initi-
ated by J. Wilson (IPN Orsay). Preliminary TALYS calculations have also been per-
formed for the neutron-induced reaction. The left part of figure 7.1 shows that the
compound-nucleus formation is the predominant reaction mechanism up to 10 MeV. On
the right part, decay probabilities of the compound-nucleus are presented. Below the
fission threshold, the competition between radiative capture and neutron emission is
very similar to what we observed in the "2Yb + n reaction. Thus, what we have learnt
for radiative capture in the rare-earth region can be extrapolated to the actinide region,
although an important difference is the higher level density for actinides. It is interest-
ing to see that, when fission sets in all the other decay channels drop and then remain
constant.

Vincent Méot, Olivier Roig, Aurélien Blanc, Camille Théroine, Adeline Bail et al.
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Figure 7.1: TALYS predictions for the reaction n +23 U

This experiment is very important to extract the angular momentum transferred
in the (d,p) reaction and also to investigate the deuteron break-up issue (see Refs.
[Thompson 10], [Chau 06]).

7.3 Surrogate reactions in inverse kinematics using
radioactive beams

(p,d) and (d,p) (neutron pick-up and stripping) are promising reactions in the con-
text of the future radioactive ion-beam facilities. Using inverse kinematics, windowless
cryogenic hydrogen targets like the CHYMENE ([Taylor 09]) target, will allow clean
measurements of the y-decay probability or the fission probability for exotic nuclei such
as unstable fission fragments or actinides. In the medium term, one could envisage
such reactions using fission-fragment beams at HIE-ISOLDE (CERN) and SPIRAL2
(GANIL). Radioactive beams of actinide isotopes (such as Ac, Th and Pa) may be
produced by 2015 at HIE-ISOLDE. In this context, fission surrogate experiments are
particularly promising and they are not limited to the measurement of cross sections. A
big step on the way to more complete surrogate experiments has been done at GANIL
where transfer-induced fission of a ?*®U beam on a carbon target has been studied
([Derkx 10]). The coupling of inverse kinematics with the large acceptance VAMOS
spectrometer has enabled the identification in Z and A of the fission fragments.
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7.4 The F-ELISe project

In the long term, outstanding surrogate experiments on fission will be possible at the
ELISe (Electron-Ion Scattering experiment) facility of the FAIR project. ELISe is a
electron-radioactive ion collider ([Simon 07], [Antonov 11]). A dedicated set-up for stud-
ies of fission at ELISe is described in Ref. [Taieb 09]. This project is called Fission-at-
ELISe (F-ELISe). The interaction between electrons (125-500 MeV) and a relativistic
radioactive actinide beam (200-740 A.MeV, provided by the FAIR facility) occurs by
Coulomb excitation. The interaction of virtual photons with the ions leads to an E*
spectrum that corresponds to F,=0-20 MeV. After the interaction, the electron is in-
elastically scattered and the excited heavy ion moves further at relativistic energies and
may fission. Therefore, as illustrated in figure 7.2, the considered surrogate reaction is
electron inelastic scattering.

e
®
— \
[ ] e /‘r -\
A AT —~

Figure 7.2: Electron inelastic scattering as surrogate reaction for fission studies in inverse
kinematics at F-ELISe.

As in any surrogate experiment, the measurement of the energy of the scattered elec-
tron and their detection in coincidence of fission fragments leads to the fission prob-
ability as a function of E*. In the ELISe facility the energy,angle and momentum of
the electrons is determined with a dedicated spectrometer. Contrary to the surrogate
experiments performed up to now, it will be possible to determine experimentally (in a
completely model-independent manner) the angular momentum transferred to the fis-
sioning nucleus. In addition, this experiment will provide outstanding data on other
fission observables such as highly precise fission-fragment isotopic yields and prompt-
neutron yields as a function of E*.
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Conclusion

In this work, we investigated whether the surrogate method can be used to determine
neutron-induced capture cross sections in the rare-earth region. We studied the transfer
reactions 1Y b(*He, py) " Lu, ™Y b(3He, dy)'™ Lu, ™Y b(3He, t7)™ Lu, 'Y b(3He, ay)
173Y'h as surrogates for the '™ Lu(n, ), '™ Lu(n,~), ™ Lu(n,v) and ™Y b(n, ) reactions,
respectively. We paid close attention to the ™ Lu(n,~) and ™Y b(n,v) cross sections
because they present the advantage to be very well known. The radiative capture prob-
abilities were determined using CDg scintillators via two independent methods for the
determination of the -cascade detection efficiency :

o the total-energy principle using the PHW'T .

o the constant-efficiency method where the efficiency is given by the ratio %

single

below the neutron separation threshold .S,,.

The excellent agreement between the two methods confirms the independence of the ~-
cascade-detection efficiency with the excitation energy. This implies that the constant-
efficiency method can be used with confidence in the vicinity of .S,, also for actinides. The
gamma-decay probabilities were corrected for the (n’v) contribution by putting a ~-ray
energy threshold. We also investigated another way to infer radiative capture proba-
bilities based on the measurement of the intensities of several low-lying ~-transitions as
a function of the excitation energy with an ensemble of Ge detectors. In spite of the
lack of statistics, a good agreement was found with the results obtained with the CygDg
scintillators. To our knowledge, this is the first experiment where these two methods for
determining the capture probabilities have been compared.

Our surrogate data present big discrepancies with respect to the neutron-induced
data. Since the gamma-decay probabilities are very sensitive to JII, we have extracted
the populated angular-momentum distributions from a fit to the experimental decay
probability using the branching ratios calculated by TALY'S. The average spins populated
in these transfer reactions are found to be a factor 2 to 4 higher than the ones populated
in the neutron-induced reactions. Right above S,,, neutron emission to the ground
state of the residual nucleus is the dominant way of deexcitation for a neutron-induced
reaction, whereas in the transfer reactions used, this type of decay is highly improbable
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Conclusion

and consequently y-decay is favoured. One expects that neutron emission to the first
excited states is also considerably suppressed for the same reasons. The Weisskopf-Ewing
approximation can not be applied at low neutron energies. The sensitivity of the decay
probability to JII decreases as the number of states in the residual nucleus after neutron
evaporation increases. For this reason, the case of actinides is expected to be better.
We would like to stress that what we have learnt on the application of the surrogate
method to rare-earth nuclei can be very useful for evaluating whether this technique can
be applied to extract capture cross sections in the actinide region.

In particular, the present work has helped us to reinterpret the previous results ob-
tained by the CENBG for the fission cross sections of 24! Am and 2*2?43Cm. The excellent
agreement between the surrogate and the neutron-induced data found for these nuclei
at the lowest neutron energies suggests that the surrogate method should give reason-
able results for the two other decay modes: neutron emission and radiative capture. As
stated by several theoretical work, if neutron emission would have been suppressed in
the surrogate measurement, this would have lead to a considerable increase of the fission
probability. The agreement found in fission for these actinides can be explained by the
fact that the transfer reactions used probably populate spins «only» somewhat higher
than the neutron-induced reactions, and that there is a relative big number of states in
the residual nuclei after neutron emission and on the top of the fission barrier. Unfor-
tunately, the radiative capture cross section drops very quickly, and very soon it only
represents few % of the total decay. Consequently, any variation of few % due to the
spin-parity mismatch represents in relative several factors. In the vicinity of S, large
deviations between surrogate and neutron-induced data are to be expected for capture
cross sections. More generally, all the experimental and theoretical studies of the ASM
done up to now show that the surrogate y-decay probabilities represent an upper limit
for the corresponding neutron-induced capture probabilities. As the excitation energy
increases, the deviations should decrease and at the highest energies, they should reach
values that are much smaller for actinides than for lighter nuclei.

We believe that an important effort from theoreticians and experimentalists needs
to be done in order to determine the angular momentum distributions populated in
surrogate reactions. An important point to be investigated is the dependence of the
transferred angular-momentum distribution on the target nucleus. More precisely, one
needs to study for example the influence of the single-particle structure of the target nu-
cleus on the angular momentum distribution. If progress is made on this issue, we could
use decay probabilities measured with the surrogate method together with experimental
or theoretical spin distributions to fix key parameters of the statistical model. The latter
can then be used in combination with the optical model to provide reliable predictions
of neutron-induced cross sections for unstable nuclei that cannot be measured. In this
sense, the surrogate method in combination with radioactive-ion beams (RIB) can help
explore regions of the chart of nuclei that cannot be studied with surrogate reactions

214



using direct kinematics. The (d, p) reaction is particularly interesting for future exper-
iments in inverse kinematics. That is why, in the near future we plan to investigate
the 238U(d, p) reaction as surrogate for the 23*U(n, f) and #8%U(n,~) reactions. Very
interesting opportunities for surrogate studies in inverse kinematics open up with new
RIB facilities such as HIE-ISOLDE or SPIRAL2. In the very long term, unprecedented
surrogate experiments on fission will become possible thanks to the ELISE e™-ion col-
lider. The fissioning nucleus will be fully characterised in (A,Z,E* J,II) and a complete
set of fission observables will be precisely measured as a function of £*.
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Conclusion (en francais)

Dans ce travail, nous avons étudié si la méthode de substitution pouvait étre utilisée
pour déterminer des sections efficaces neutroniques de capture radiative dans la ré-
gion des terres rares. Nous avons étudié les réactions de transfert ™Y b(3He, py)' Lu*,
Y b(He,dy) ™ Lu*, ™Y b(3He, ty)'™ Lu* et ™Y b(*He, ay)'™Y b*en substitution des
réactions neutroniques '™ Lu(n, y), 1™ Lu(n,v), '® Lu(n, v) et 1Y b(n, 7). En particulier,
nous nous sommes intéressés aux sections efficaces de capture radiative de ™ Lu(n, ) et
12Yb(n, ) car elles ont 'avantage d’étre bien connues. Les probabilités de désexcitation
radiative dans les voies de transfert étudiées ont été mesurées avec des scintillateurs li-
quides CgDg via deux méthodes indépendantes pour déterminer 'efficacité de détection
des cascades- :

o le principe de détection totale de I’énergie en combinaison avec la technique des
fonctions de poids.

o une méthode originale basée sur une hypothese d’efficacité constante directement

N,

donnée par le rapport F2me sous le seuil de séparation neutron S,,.
singles

Le tres bon accord entre les deux méthodes confirme l'indépendance de l'efficacité
de détection des cascades-y avec 'énergie d’excitation E*. La densité de niveaux aug-
mentant généralement avec la masse, la méthode d’efficacité constante pourra aussi étre
utilisée pour des actinides au voisinage de S,,. Les probabilités de désexcitation v ont
été corrigées de la contribution (n’y) a l'aide d’une coupure sur 'énergie de détection
des rayons . Nous avons aussi étudié un moyen de déterminer les probabilités de cap-
ture radiative avec des détecteurs Germanium. Cette autre méthode est basée sur la
mesure d’intensité de plusieurs transitions v de basse énergie en fonction de E*. Mal-
gré une faible statistique, un bon accord est observé avec les résultats obtenus avec les
scintillateurs CgDg. A notre connaissance, c¢’est la premiere fois que les deux méthodes
pour extraire des probabilités de capture radiative sont comparées au sein d’'une méme
expérience.
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Conclusion (en frangais)

Nos données « surrogate » présentent d’importants écarts en comparaison avec les don-
nées neutroniques. Puisque les probabilités de capture de désexcitation radiative sont
particulierement sensibles au spin J et a la parité 7, nous avons extrait des informations
sur les distributions des moments angulaires peuplés en fittant nos données expérimen-
tales avec les rapports d’embranchement calculés par le code TALYS. Les spins moyens
peuplés dans les réactions étudiées sont 3 a 4 A plus grand que ceux peuplés dans les
réactions induites par neutrons. Juste au dessus de S,,, ’émission de neutron vers 1’état
fondamental du noyau résiduel est la voie dominante de désexcitation dans la réaction
induite par neutrons. Dans le cas des réactions de transfert étudiées, ce type de desexci-
tation devient fortement improbable a cause de la forte sélectivité de I'état fondamental.
L’émission de neutrons vers les premiers états excités est aussi considérablement sup-
primée pour les mémes raisons. Par conséquent, la compétition favorise la désexcitation
radiative. L’approximation Weisskopf-Ewing ne peut pas étre appliquée a basse énergie
neutrons. La sensibilité au spin et a la parité de la désexcitation radiative diminue donc
lorsque le nombre d’états du noyau résiduel apres émission de neutrons augmente. C’est
pourquoi on s’attend a ce que le cas des actinides soit plus favorable.

En particulier, ce travail a permis de réinterpreter des résultats obtenus en 2008 par
le CENBG pour les sections efficaces de fission de 2! Am, 242243C'm. L’excellent accord
entre les données « surrogate » et les données induites par neutrons au seuil de fission
implique que la méthode de substitution devrait donner des résultats raisonnables pour
les deux autres voies en compétition : ’émission de neutrons et la désexcitation ra-
diative. Comme suggéré par plusieurs travaux théoriques, si I’émission de neutrons est
considérablement bloquée dans les réactions de substitution, alors la probabilité de fis-
sion doit étre fortement influencée. Pour expliquer le bon accord observé pour la fission
de ces actinides, nous pensons que les densités de niveaux des noyaux résiduels apres
émission de neutrons et au dessus des barrieres de fission sont assez importantes pour
« encaisser » une différence de spins raisonnable de 3-4 h. Toutefois, les sections efficaces
neutroniques de capture radiative chutent généralement tres rapidement pour ne repré-
senter que quelques % de la desexcitation totale. Cela implique qu’une variation absolue
de quelques % de la probabilité de désexcitation radiative induite par la différence de
spins dans les voies d’entrée peut malheureusement représenter en relatif des écarts de
plusieurs facteurs. C’est pourquoi, méme si la méthode de substitution appliquée a la
fission « marche » bien, des différences non négligeables pour la désexcitation radiative
sont aussi attendues pour les actinides. De fagon trés générale, toutes les expériences et
les études théoriques menées a ce jour montrent que les probabilités de désexcitation ra-
diative déterminées via des réactions de substitution sont systématiquement surestimées.
Les mesures « surrogate » constituent donc une limite supérieure pour les probabilités de
capture radiative induites par neutrons correspondantes. Lorsque 1’énergie d’excitation
augmente, les différences doivent s’atténuer au fur et & mesure que la densité de niveaux
augmente. C’est pourquoi les écarts attendus sont plus petits pour les actinides que pour
des noyaux plus légers.
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Pour conclure, un effort important des théoriciens et des expérimentateurs est cru-
cial pour déterminer les distributions de moments angulaires peuplés dans les réactions
de substitution. En particulier, un point important a investiguer est la dépendance du
moment angulaire transféré avec la cible utilisée. Plus précisement, il faut par exemple
étudier 'influence de la structure de particules indépendantes du noyau cible sur la dis-
tribution des moments angulaires. Si des progres sont réalisés a ce sujet, les probabilités
mesurées avec des réactions de substitution associées aux distributions de spins théo-
riques (ou nos distributions de spins déduites de I'expérience) permettront de contraindre
les parametres clés du modele statistique (densités de niveaux, I',). Les rapports d’em-
branchement ajustés pourront ensuite étre combinés a un calcul de modele optique pour
déterminer de facon fiable des sections efficaces neutroniques pour des noyaux instables
qui ne pourraient pas I’étre autrement. Dans ce sens, on notera que la méthode de substi-
tution associée a des faisceaux d’ions radioactifs permettra aussi d’explorer des régions
de la charte des noyaux qui ne peuvent pas étre étudiées en cinématique directe. Les
réactions (d,p) et (p,d) sont d’excellentes candidates pour les expériences futures en
cinématique inverse. Tres prochainement, ces études seront possibles avec les nouvelles
installations HIE-ISOLDE ou SPIRAL2. A plus long terme, une nouvelle génération
d’expériences de substitution sur la fission sera possible grace au collisionneur e~ -ion
ELISE. Le noyau fissionant sera alors caractérisé en (A, Z, E*, J, 7) et un grand nombre
d’observables de fission pourront étre mesurés tres précisement en fonction de E*.
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Annexe A

The optical model

A.1 From the Schrodinger equation to the scattering
matrix

In the following, we describe the direct interaction of a projectile with a target nucleus
made of N nucleons. The relative composite system can be interpreted by taking into
account the interactions between all nucleons. The Schrodinger equation can be written
in the form of Hamiltonian :

N
HU =Y (—;v% + V(ﬁ-)) U =FEU (A1)
=1

but it is impossible to resolve numerically the latter equation for N-bodies system.
The optical model introduces an average and centered interaction V' (r) between the
projectile and the whole target instead of the sum of all interactions between nucleons
taken separately. The Schrodinger equation becomes :

2u 2u h?

2 _ 2 _

(—V +h2V(r)>\If— h2E\11:> <_2Mv +V(r)| ¥ =FEV (A.2)
where g is the reduced mass (u = — }r — = n’ﬂ’ﬁig) of the projectile-target system

ml m
and F is the system energy in the center of mass. This equation can be resolved in the
asymptotic region and the obtained wave function W is described as a sum of an incident

(among z) plane wave and a spherical scattered wave :

ikz €
v ettt Tf(ﬁ) (A.3)
with the wave number k£ = —ﬂg‘E and the scattering amplitude f(#). Assuming the

optical potential is spherically symmetrical, the wave function ¥ can be expanded into
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Annexe A The optical model

partial radial waves w;(r) of orbital angular momentum [ :

U= uly)ilﬂ(cos@ (A.4)

where P;(cosf) are Legendre polynomials. Substituting this in eq. A.2, one obtains the
radial wave Schrodinger equation :

Pl (% -vien+ ) u —o (45)

dr? h? r?

The solution of this equation is well known in the asymptotic region. The scattered wave
function can be written as :

00

w(r) ~ e*sin(kr — Z;T + ;) (A.6)

In the presence of the optical potential V' (r), the radial wave functions w;(r) are shifted
by &;, as presented in figure A.1.

uy(r) uy(r)

awi

vl

FIGURE A.1: Scattered wave function u;(r) before and after effect of the potential V'(r)
[Hodgson 71]

The phase shift contains all the physical information and yields to the S-matrix ele-
ment that relates the transition probability for the scattering of an incoming particle
with a given orbital angular momentum /[ :

Sl = 62i51 (A?)

Finally, a comparison between equations A.3, A.4 and A.6 gives the solution of f(6) :

i 204+ 1) fi(k) Py(cosf) (A.8)
with
k) = o (51— 1) (A9)
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A.2 Shape elastic cross section

A.2 Shape elastic cross section

The optical model elastic cross section ogg(#) is also called «potential elastic» or «shape
elastic» cross section. This section is dedicated on the relation between this differential
elastic cross section and the scattering amplitude f(#). This quantity can be defined as :

dosg . dil
Qi

(A.10)

where dn is the number of projectiles per unit of time within the solid angle €2 detected
by a virtual detector place at angle 6, and j is the beam current. In the asymptotic
region, as defined in equation A.3, the incident wave is represented by a plane wave e’**
and the associated current is given by :

h

= (Vi — V" Al
J= 5 V0 — ) (A11)
where only the radial part (%) of the gradient V is qualitatively important. The incident
current is :
hk
§i= — (A.12)
L

. . . ikr
By analogy the outgoing wave is represented by a spherical scattered wave <~ f(6)
and the scattered current is :

hk ,
a2 | FO] (A.13)

Then the number of scattered particles per time unit, dn, that follow the direction
given by 0 is j4dS, where dS = r2dQ) corresponds to the opening surface of our virtual
detector. Then equation A.12 yields :

-radial —

Jd = Jg

dn = jud = | (6) P a0 = 5| f(6) P a2 (A.14)
ur

A comparison with equation A.10 gives the relation between scattering amplitude and
elastic scattering cross section :

dO‘SE 2
oS8 | £0) | (A15)

Then the combination of the latter equation with eq. A.8 gives the shape elastic cross
section (see eq. 1.9).

225



Annexe A The optical model

A.3 The Phenomenological and microscopic optical
potentials

The choice of a realistic optical potential is of crucial importance in the use of the
optical model. Historically, the basis of the optical model was developed by comparing
the results of the scattering of neutrons by nuclei to those obtained in optics for the
scattering of light by transparent sphere, which verify dgpnere ~ Aiigne. But the analogy
goes further since both models make use of a complex potential :

V(r)=U(r)+iW(r) (A.16)

where the imaginary part W corresponds to a source term, namely an emission flow
for W > 0 or an absorption flow if W < 0. In term of nuclear reaction, one considers
only the main reaction channels. Consequently, a negative imaginary part is introduced
to take into account the flow absorption in the other reaction channels.

To be more realistic, the optical potential has the following form :

V(r)=Uf(r)+iWg(r) (A.17)

U et W are the depths of the real and imaginary parts respectively. The form factors
f(r) et g(r) depend on the distance r between the projectile and the target nucleus.
U f(r) represents the nuclear potential, i.e. the nucleon-nucleon interaction, which is
uniform inside the core then decreases near the surface. This variation can be described
by a Wood-Saxon function :

1

f(T) = 1 +6(T_R)/a
with R is nucleus radius. The parameter a gives the decay slope of the Wood-Saxon
function that corresponds to the diffusivity of the nuclear surface. Wg(r) represents
the absorption potential. For low incident energy (< 10 MeV.A ), the absorption can
be considered as a surface term and the form factor g(r) can be hence described by a

Woods-Saxon derivation peaked at the nucleus surface :

_ . 9f(r)
g(r) =4a o (A.19)

(A.18)

Moreover one includes a spin-orbit potential V, which describes the coupling between
the projectile spin and the transferred angular momentum. Last a Coulomb potential V,
is added if the projectile is charged. Finally, the optical potential V'(r) can be rewritten
with the latter contributions' :

! Actually it is more complicated, see [Koning 03] for example.
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A.3 The Phenomenological and microscopic optical potentials

-
=

LN

F1GURE A.2: [llustration of the form factors f(r) and g(r)

V(r) =Uf(r) +iWg(r) + Vio(r) + Ve(r) (A.20)

Nowadays, several global optical potentials are available to predict the total nucleon
cross sections and angular distributions for many nuclei over a wide range of energies?.
Parametrizations are based on several (~ 20) parameters depending on the mass and
atomic number of the given nucleus and the nature and energy of the projectile. This
parameters are determined empirically by fitting the experimental total cross section :
that is why the obtained optical potential is called phenomenological. This approach
is very accurate but need the knowledge of the studying reaction. Nevertheless, an other
approach consists to determine optical potential without any experimental data. This can
be done from a nuclear density information® and an effective nucleon-nucleon interaction.
This kind of approach is called microscopic. The advantage of the microscopic approach
is to predict observables for nucleus far from the stability, where no experimental data
is available. However the microscopic optical potential is less accurate (~10-20% on the
total cross section in comparison with less than 5% for the phenomenological approach).

2Note that the standard parametrization for nucleus-nucleus interaction has not yet been achieved.
Some works (Broglia, Daehnick) are related to this subject.

3This information is based on the accurate description of the target nuclear structure, generally ob-
tained via shell model calculations or mean field calculations ( Hartree-Fock, ...).
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Annexe A The optical model

A.4 Direct inelastic reactions

Direct inelastic excitations may occur with the result that higher-energy states of the
nuclei may become populated. Single-particle excitations are another kind of inelastic
process, when a particle in one of the nuclei is excited during the reaction from its initial
bound state to another state which may be bound or unbound ([Thompson 09]). The
direct inelastic contribution opy g4 can be treated by a «Distorted Wave Born Approxi-
mation» approach where the elastic scattering is considered as the predominant process
in the reaction. Thus, the inelastic channels is treated via a pertubative quantum theory.
But in the case of deformed nuclides, where the coupling with direct inelastic channels is
important, the DWBA approach is not correct. A «Coupled Reaction Channels» (CRC)
calculation is required. Note that TALYS drives the ECIS-06 code to perform these
CRC calculations. The coupled-channels formalism is not described in this work. For a
detailed presentation, we refer to Refs. [Tamura 65] or [Hodgson 71].
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Annexe B

Kinematic calculations

(MeV) Oy14 = 112, 46° Oyg = 130,19° Oys = 144,73°
E* Ey | op Ey | op Es | op
0 23,0875 22,9151 22,8034
5) 18,1721 18,0190 17,9199

S,=7,667 | 15,5518 | 0,0473 | 15,4101 | 0,0489 | 15,3184 | 0,0492

10 13,2608 13,1299 13,0452
15 8,3562 8,2521 8,1848
20 3,466 3,3986 3,3552

TABLE B.1: Kinematic calculations for the ™Y b(3He, d)'™ Lu* transfer channels.

(MeV) Oy14 = 112, 46° Oyg = 130,19° Oys = 144,73°
E* Eo | op Ey | op Ey | op
0 21,5191 21,3150 21,1828
) 16,6394 16,4597 16,3434

S,=6,761 | 14,9219 | 0,0475 | 14,7517 | 0,0492 | 14,6416 | 0,0494

10 11,7653 11,6140 11,5162
15 6,9010 6,7848 6,7099
20 2,0613 1,9973 1,9562

TABLE B.2: Kinematic calculations for the ™Y b(3He, t)!™ Lu* transfer channels.
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Annexe B Kinematic calculations

(MGV) 9y14 = 112,460 ng = 130, 190 9)/3 = ]_44, 730
E* Ecb ‘ O E* Ecb ‘ O g+ Ecb ‘ O g+
0 22,8793 22,6689 22,5326
> 17,9984 17,8116 17,6907

Sp=7,465 | 15,5938 | 0,0475 | 15,4198 | 0,0492 | 15,3073 | 0,0494

10 13,1225 12,9628 12,8595
15 8,2548 8,1278 8,0459
20 3,4047 3,3228 3,2700

TABLE B.3: Kinematic calculations for the ™Y b(®He,*He')'™Y b*

transfer channels.

(MeV) Oy14 = 112, 46° Oyg = 130,19° Oys = 144,73°
E” Eso | op Ey | op Ey | op
0 35,4266 35,1244 34,9286
) 30,5706 30,2897 30,1078

S,=6,368 | 29,2424 | 0,0477 | 28,9676 | 0,0494 | 28,7898 | 0,0496

10 25,7171 25,4593 25,2925
15 20,8670 20,6346 20,4843
20 16,0214 15,8176 15,6858

TABLE B.4: Kinematic calculations for the ™Y b(3He, )Y b* transfer channels.
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Annexe C

Technical data : BICRON C6D6
scintillator

Saint Gobain Crystals (BC-537) |
General Technical Data
Density (20°C) 0.954 g/cc
Refractive index 1.5
Scintillation Properties
Wavelength of maximum emission 425 nm

Decay time 2.8 ns
Atomic composition
No. of D Atoms per cc 4.06 x 10?2
No. of H Atoms per cc 3.55 x 10%
No. of C Atoms per cc 4.10 x 10*

TABLE C.1: CgDg detector technical data
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Annexe C Technical data : BICRON C6D6 scintillator

NOTES:

ALUMINUM MAB CELL HOUSING - (CLEAR ANODIZED FINISH)
WALL THICKNESS .020 [.5]
BOTTOM THICKNESS .039 [1]

-CELL CAVITY DIMENSIONS:
“4.00[101.6] x 3. 00[75.2] DEEP

COATED WITH WHITE REFLECTIVE PAINT &
FILLED WITH BC-537 LIQUID SCINTILLATOR.

3" =SPAGHETT! TUBING - USED FOR EXPANSION.

4 -REMOVABLE ALUMINUM COVER.
(CLEAR ANODIZED FINISH)

(K[NGS 879-13-3 OR EQUIV.)

>OPTICAL FIBER INTERFACED INTO THE QUARTZ WINDOW.
PTICAL WINDOW - 4.00[101.6] X .375[9.5] THK. QUARTZ.
~OPTICAL COUPLING - SILICONE GREASE.

-PHOTOMULTIPLIER TUBE:
© 5.00[127] PHILLIPS, XP-4512B

TT>REMOVABLE - MU-METAL LIGHT SHIELD.

{ 125ALUMINUM L.B.B. EXTENSION.
(CLEAR ANODIZED FINISH)

13:INTEGRALLY WIRED VOLTAGE DIVIDER W/PREAMP:
“" WIRED FOR NEGATIVE HIGH VOLTAGE.

(CLEAR ANODIZED FIN!SH)

a. BNC - ANODE CONNNKINGS (KC-79-43) OR EQUIV.

c. BNC - PRE AMP CONN.
d. HV - SHV CONN. (1704-1)

A

D
(VOLUME: 611.6
FILL PORT.
i ~=FIBER OPTIC ADAPTER.
, ¥
C i
»
SCHEMATIC T.B.D.
14 ALUMINUM TOP PLATE.
) 1 S>CONNECTORS:
B b. BNC - DYNODE CON
" appROVED
A ‘
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DATE

SCALE 0.250
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F1cURE C.1: Engineering drawing of a BICRON CgDg detector.
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photomultiplier tubes

XP4512

product specification
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F1GURE C.2: Specification of the XP4512 photomultiplier tube.
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Annexe D

Technical data : CANBERRA
Germanium detector 70%-efficiency

4 vis Laiton
a 60°
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==z Aluminium
ol /r/,‘
=3 -
0
. | 910
< i
4 languettes de Plomb | .~/ _
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4 -- Laiton

T FR4 ép.:l.6mm

TR Al 012

Cuivre 918 -
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Client : CENBG-CNRS-DR[[( A
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F1cURE D.1: Engineering drawing of a CANBERRA Ge detector.
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Annexe E

Focus on the electronics used for a
Pulse Shape Discrimination

The pulse shape discrimination (PSD) is needed to distinguish between photons and
neutrons interacting in the CgDg. Practically, the difficulty is to measure the decay time
of each pulse and this independently of the amplitude. The usual method is the zero-
crossing system shown in figure E.1. The principle is detailed in many references, as
[Perkins 79] and [Chalupka 77]. The detector anode output signal is split into two. One
branch goes to a CFD which triggers on the fast leading edge of the signal that gives the
START of a TAC. The second branch is directly integrated in the PSD module. This
«black box» is detailed in the bottom of figure E.1. The signal is preamplified (CR-RC
circuit that corresponds to a differentiation combined to an integration and results in
an unipolar signal of time constant RC) then doubly differentiated (CR-RC-CR circuit,
which gives a bipolar pulse whose zero-crossing time depends on the input rise and decay
time). Electronics for pulse signal processing is nicely explained in [Leo 87]. A zero cross-
over pick-off module triggers on this point and gives a STOP signal for the TAC. Hence
the time period measured by the TAC is directly proportional to the decay time. An
amplitude selection via a SCA module then permits to perform a discrimination on-line.
Nevertheless, one prefers not rejecting any events but selecting the particles of interest
using a contour in the analysis. A typical bi-dimensional diagram showing how this
selection applies is presented in figure E.2. In parallel, the amplitude signal is obtained
by integration of a modified signal taken at the seventh dynode. The reference [Bovet 72]
shows how the dynode chain can be modified.

Recently, the company Mesytec has developed a four-channel pulse shape discrimi-
nator module, called MPD-4. The interest is that the four-channel unit, namely the
equivalent of four zero-crossing PSD systems, fits into a NIM module. Equivalent TAC
amplitude, CFD threshold and CFD walk parameters can be tuned with a serial connec-
tion for USB device control. Unfortunately, the Mesytec MPD-4 is designed for photons
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Annexe E Focus on the electronics used for a Pulse Shape Discrimination

toA— Preamplfier LA AMPLITUDE signal
ORTEC 113 Amplifier >
100pF
JE CFD 1428A
) g 5. GATE
Y/ [ ¥ CANBERRA (if trigger is C6D6)
-1900 V -20dB / \ INPUT >
i - ° Delay
! PSD2160A
| _CANBERRA ' DELAY
L -
f INPUT o J
HT/d/a j M e
|
C6D6 | | e o
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| SAARELEVELL | OUTPUT TAC/SCA 2145
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FIGURE E.1: A standard zero-crossing pulse shape discrimination circuit
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FIGURE E.2: Pulse shape discrimination in a CgDg scintillators using an Am/Be source
as a n-vy source.

rejection and the energy dynamic range is consequently adapted to neutron pulses!.
That leads to a saturation of y-rays pulses when E, Z 4 MeV. To overcome this pro-
blem, we purposed to use the modified signal taken at the seventh dynode in order to
extract the amplitude signal. The PSD was realised by the MPD-4 module, using the
detectors anodes outputs signals. The corresponding electronics diagram is presented in
figure 3.19.

! Actually, a neutron is detected into the scintillator due to the recoiling proton or deuteron which
participates in the scattering process. In the scintillator, the light produced by a recoiling proton
is up to five times less than the light produced by a Compton electron. Consequently, for the same
initial particle energy, the neutron pulse amplitude is lower than the v pulse amplitude.
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Annexe F

Calibration parameters of the
telescopes

Telescope 1 - (*He, d) channel calibration parameters

AEl E1
Strip AE,(MeV) =a.C(ch)+b E\(MeV)=a.C(ch)+b
—a—-Aa—b-Ab— —a—-Aa—b-Ab—

1 %) O
2 0.009523 0.000117 -0.662607 0.037449 | 0.007332 0.000012 -0.537201 0.020668
3 | 0.008770 0.000090 -0.694594 0.030993 | 0.007300 0.000010 -0.537201 0.020668
4 0.008719 0.000082 -0.597333 0.027834 | 0.007364 0.000009 -0.681653 0.019170
5t 0.008760 0.000081 -0.567356 0.026972 | 0.007307 0.000008 -0.536458 0.018438
6 0.009185 0.000080 -1.040584 0.026197 | 0.007334 0.000008 -0.592870 0.017121
7 0.008308 0.000070 -0.165028 0.023921 | 0.007332 0.000008 -0.594211 0.016732
8 0.008775 0.000078 -0.795567 0.025863 | 0.007339 0.000008 -0.596642 0.016443
9 | 0.008708 0.000068 -0.535366 0.022388 | 0.007316 0.000007 -0.539828 0.014743
10 | 0.008793 0.000073 -0.448138 0.023541 | 0.007338 0.000007 -0.591853 0.015661
11 | 0.008228 0.000062 -0.132990 0.021123 | 0.007322 0.000007 -0.542925 0.014814
12| 0.009241 0.000098 -0.914969 0.031842 | 0.007336 0.000008 -0.561906 0.017987
13 | 0.008429 0.000062 -0.160649 0.021327 | 0.007316 0.000007 -0.519978 0.014608
14 | 0.008585 0.000062 -0.961224 0.022362 | 0.007325 0.000007 -0.531563 0.014656
15 | 0.008791 0.000093 -0.668026 0.032265 | 0.007327 0.000010 -0.546417 0.021076
16 % %)

TABLE F.1: Calibration parameters for telescope 1 provided by the 2® Pb(3He, d)?" Bi*

analysis
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Annexe F' Calibration parameters of the telescopes

Telescope 2 - (*He, d) channel calibration parameters
AE, E,
Strip AFEy(MeV) =a.C(ch) +b Ey(MeV) =a.C(ch)+b
—a—Aa—b-Ab- —a—A0Da—-b-Lb—

1 %) O
2 %) %)
3 | 0.008419 0.000077 -0.768519 0.027989 | 0.008521 0.000010 -0.617202 0.019203
4 1 0.008469 0.000076 -1.120507 0.027947 | 0.008546 0.000011 -0.674800 0.019727
5 | 0.008549 0.000084 -1.088962 0.030068 | 0.008584 0.000011 -0.747210 0.020261
6 | 0.008600 0.000081 -0.704614 0.027444 | 0.008572 0.000010 -0.717461 0.018449
7 1 0.008262 0.000077 -0.691277 0.027080 | 0.008577 0.000010 -0.721633 0.017803
8 | 0.008153 0.000074 -0.550629 0.026162 | 0.008554 0.000010 -0.666317 0.018526
9 ] 0.008770 0.000079 -1.430866 0.028329 | 0.008530 0.000009 -0.625423 0.017631
10 | 0.008769 0.000076 -1.050735 0.026128 | 0.008567 0.000009 -0.691649 0.016582
11 | 0.007993 0.000068 -0.386539 0.024377 | 0.008523 0.000009 -0.596771 0.016388
12 | 0.008357 0.000076 -1.250071 0.028533 | 0.008552 0.000010 -0.653043 0.018561
13 | 0.007633 0.000063 -0.798269 0.024682 | 0.008563 0.000009 -0.674252 0.016674
14 | 0.008372 0.000063 -0.671117 0.022601 | 0.008538 0.000009 -0.620263 0.017038
15 | 0.008124 0.000082 -0.911197 0.031195 | 0.008598 0.000010 -0.744890 0.019255
16 % %)

TABLE F.2: Calibration parameters for telescope 2 provided by the 2® Pb(3 He, d)?* Bi*
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Telescope 1 - (3He, o) channel calibration parameters

AEl E1
Strip AE,(MeV) =a.C(ch)+b Ey(MeV)=a.C(ch)+b
—a—Aa—b-Ab- —a—A0Da—-b-Lb—

1 %) O
2 0.011091 0.000454 -3.281321 0.608047 | 0.007936 0.000097 -2.755954 0.243239
3 | 0.009245 0.000256 -1.397812 0.397121 | 0.007583 0.000067 -1.668768 0.175626
4 0.008460 0.000202 -0.076418 0.335594 | 0.007407 0.000060 -1.142929 0.162878
5 0.008548 0.000205 -0.321469 0.331115 | 0.007485 0.000059 -1.316866 0.161390
6 0.009577 0.000242 -1.614257 0.346434 | 0.007557 0.000058 -1.519136 0.156193
7 0.008716 0.000201 -0.935763 0.313408 | 0.007603 0.000055 -1.624451 0.150350
8 0.008748 0.000208 -0.822752 0.320930 | 0.007444 0.000057 -1.071948 0.158681
9 0.008814 0.000188 -0.647653 0.287927 | 0.007456 0.000050 -1.143301 0.138917
10 | 0.008467 0.000169 -0.155552 0.269691 | 0.007396 0.000046 -0.937571 0.129351
11 | 0.008417 0.000181 -0.322343 0.290285 | 0.007460 0.000050 -1.044503 0.140189
12| 0.008481 0.000194 -0.376883 0.314031 | 0.007395 0.000048 -0.875582 0.133073
13 | 0.008776 0.000189 -0.714773 0.299926 | 0.007512 0.000051 -1.175262 0.137284
14 | 0.008308 0.000149 -0.454557 0.251978 | 0.007310 0.000044 -0.564094 0.122328
15 | 0.008371 0.000228 -0.375690 0.388923 | 0.007406 0.000065 -0.872592 0.177839
16 %) %)

TABLE F.3: Calibration parameters for telescope 1 provided by the 2% Pb(3 He, o) %7 Pb*

analysis
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Annexe F' Calibration parameters of the telescopes

Telescope 2 - (*He, ) channel calibration parameters

AEQ EQ
Strip AFEy(MeV) =a.C(ch) +b Ey(MeV) =a.C(ch)+b
—a—Aa—b-Ab- —a—A0Da—-b-Lb—

1 %) O
2 %) %)
3 | 0.008559 0.000227 -1.280468 0.380593 | 0.008790 0.000077 -1.587409 0.173654
4 1 0.008693 0.000223 -1.446957 0.360576 | 0.008744 0.000073 -1.474714 0.168787
5 0.008451 0.000214 -1.489591 0.352329 | 0.008748 0.000069 -1.414698 0.160636
6 0.008374 0.000191 -0.446870 0.309351 | 0.008636 0.000064 -1.132518 0.151227
7 0.007891 0.000190 -0.327225 0.326450 | 0.008593 0.000067 -1.049418 0.159803
8 0.007972 0.000179 -0.426848 0.304109 | 0.008610 0.000062 -1.057072 0.148254
9 0.008354 0.000190 -0.791833 0.305798 | 0.008550 0.000063 -0.894638 0.154055
10 | 0.008583 0.000185 -0.972247 0.292066 | 0.008631 0.000058 -1.054097 0.140021
11 | 0.008499 0.000187 -1.264907 0.300663 | 0.008828 0.000061 -1.516343 0.140833
12| 0.008418 0.000178 -1.269042 0.290788 | 0.008626 0.000059 -1.026298 0.140299
13 | 0.007710 0.000162 -1.261949 0.292325 | 0.008706 0.000059 -1.193683 0.139117
14 | 0.008681 0.000177 -1.047402 0.288207 | 0.008689 0.000058 -1.137323 0.135786
15 | 0.008348 0.000199 -1.757687 0.346059 | 0.008772 0.000072 -1.373300 0.164157
16 %) %)

TABLE F.4: Calibration parameters for telescope 2 provided by the 2% Pb(®He, o) %7 Pb*
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Annexe G

AIFIRA experiment : characterisation
of a C6D6 scintillators using
proton-induced reactions

In the following, we present a study dedicated to the characterisation of a CgDg scin-
tillators using proton-induced reactions. This experiment was performed in 2010 at Al-
FIRA! to study the response functions of our CgDg liquid scintillators. We used stan-
dard sources 37C's, ®Co , 8Y and the 1S (p,v)*Cl* and 2" Al(p,)?®Si* reactions to
generate high energy ~-rays which are not accessible with ~-sources. Experimental res-
ponse functions for the individual ~-rays were obtained and have been compared with
simulations performed with GEANT4. For simplicity, this appendix is focused on the
315 (p, v)3*Cl*reaction.

G.1 Measurements details

We recall that the Corvi technique allows us to measure mono-energetic y-ray in coin-
cidence technique for a v — v cascades. This technique is described in section 4.3.1.2. It
requires identifying a 7y-cascade of multiplicity 2. Experimentally, the measurement of
71 (Ey) in one of the CgDg scintillators is made in coincidence with the measurement of
v2(E2) detected in a Ge detector. The experimental set-up is described in figure G.1. The
energy signals of the Cs D¢ scintillators and of the Germanium detector were recorded
sequentially. The ADC was gated by a fast signal coming from the splitted Germanium
signal. A TDC was used for the time coincidence between the two ~-rays. Signals were

LATFIRA stands for "Applications des Faisceaux d’Ions en Région Aquitaine'. The ion beam facility is
equipped with a single stage electrostatic accelerator designed by the HVEE Europe company (3,5
MYV Singletron). It can deliver up to 50 pA beams of light ions (H™, DT, He™). Production of fast
mono-energetic neutrons (100 keV - 6.5 MeV and up to 20 MeV using (p, Li), (p,T), (D, D) and
(D, T) nuclear reactions).

245



Annexe G AIFIRA experiment : characterisation of a C6D6 scintillators using
proton-induced reactions

defined to be coincident if the detector timing pulses arrived within 40 ns of each other.
The block diagram of the electronics is shown in G.2. The proton-induced radiative cap-
ture 15 (p, v)**Cl*reaction permits to reach 7 energies up to 4386 keV. The cascade of
interest (multiplicity 2) is identified through the -decay scheme for 33C1 (see fig. G.4).
The energy of the beam was tuned in order to find a capture resonance. Finally, we used
1.223 MeV protons with an intensity of 3uA ([Aleonard 74]). Note that the resonance
is not peaked because of the thickness of the target. The target 34S used (thickness of
the AgyS layer of about 220 ug/cm?) is evaporated on a gold sheet (radius : ~10 mm,
thickness : ~0.5 mm) and the whole is deposited on a tantalum support (radius : 15
mm, thickness : 0.5 mm). Note that the proton beam is consequently stopped in the
gold/tantalum materials : the target is continuously water-cooled to dissipate heat.

Ge

roton beam
v source 10° Sources P 345(p,y)3>Cl*
55°
125°  #2

#1

y source 4€M

34S target
8cm

p
220pg/cm? Ag,S
C6D6 #2 0.5 mm gold
0.5 mm tantalum

FIGURE G.1: Experimental set-up used for gamma sources measurements (left) and for
the 345 (p, v)**Cl*nuclear reaction (right). The both details of the geometry
and the 34S target are also shown.

CeD6 #1

G.2 Experimental function response and efficiency

The statistics correspond to approximately 8 hours. As nicely illustrated in figure G.4,
one can extract mono-energetic gamma-ray responses from raw spectra (figure G.3) by
applying the Corvi technique for a gamma-cascade of multiplicity 2. The germanium
detector is used to tag clean gamma-transitions (see table 4.3). Figure G.5 provides
CsDg mono-energetic gamma-ray responses for energies of 3164 keV and 4386 keV. In
addition, efficiencies were determined using eq. 4.19.
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G.2 Experimental function response and efficiency

Preamp. Spectroscopy
ORTEC Amplifier
i o Model. slow— A p! E_C6D6_1
13 anberra
100pF 2026
Cathode
| Anode
CFD
i —fast— 20ns
Pulse Shape delay
C6D6_1 Discriminator

- TAC_C6D6_1 N—

L | Spectroscopy
Bias r Preamp. [-slow Amplifier E_C6D6_2 ADC
—  Cathode

(VME)
| ————Anode

CFD

- —fast— 20ns

CoeD6 2 2048 Pulse Shape delay

- Discriminator
HT ——TAC_C6D6_2—]—]—
Canberra N
-5000V
Spectroscopy |
—blas Amplifier E_GE
| GE |nh|b|t
——slow TGV gate
fast
N E1—
: CFD E1
Germanium Caﬁg/;ra M) |
HT3106D 2111 50ns Dgt.al
delay Acquisition
System
Gate Delay gate il
Generator
Gate Delay L TDC
Generator | clone synchro ADC/TDC— (VME)

TDC_C6D6_1 Common

start
TDC_C6D6_2————

FiGURE G.2: Electronics scheme for the AIFIRA experiment

247



Annexe G AIFIRA experiment : characterisation of a C6D6 scintillators using
proton-induced reactions

&3

C6D6 #1

100
3000 35CI*

Germanium
35CI*

Events
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2500 80
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1500
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1000
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500

T IS b+ v b L A

- L
5 3.164 4.386
Energy (MeV) Energy (MeV)

)

FIGURE G.3: Raw gamma-spectrum obtained with a CsDg scintillator (left) and with a
Ge detector (right).

s o 7/2

iF 7.550MeV

% : 4386

] 2 3 yeanter
3/2

35
Energy Germanium (MeV) 17 Cl
FIGURE G.4: A two-dimensions histogram illustrates the deposit energy in a Cg Dy as a
function of the energy deposit in the Germanium detector. The 7-cascade
level scheme of interest is also shown.

35CI*
4386keV

35CI*
3164keV

Events
Events

@ N
3 o
PRI I

sl Lo L
4 as 0
Energy C6D6 (MeV)

E, = 3164keV E., = 4386keV

35 4 45
Energy C6D6 (MeV)

FIGURE G.5: Mono-energetic CgDg spectra obtained in coincidence for 3164 keV and
4386 keV 7-rays spectra separately. Experimental results (black) are com-
pared with simulated responses functions (red and green with and without
the gold/tantalum backing simulation, respectively).
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G.3 Simulations

G.3 Simulations

We performed simulations using GEANT4. The inputted geometry tries to reproduce as
far as possible the experimental set-up. The description of the Cg Dy detectors is taken
from the constructor’s references and includes the quartz window of the photomultiplier
tube. The y-rays are generated randomly from a point placed in the middle of a very
thin layer of target material. For 345 (p, v)*CI*, the geometry of the target and the sur-
rounding materials are accurately reproduced. The Ge detector is also included in the
simulation. Note that the simulated responses were widened by a Gaussian convolution,
as explained in section 4.3.1.3. The analysis of the detector response for high gamma

FIGURE G.6: Geometry of the experimental set-up in Geant4. We show a representation
without (a) and with (b) transparency.

energies shows the importance of the effect of dead materials, i.e. the materials surroun-
dings the target. Figure G.5 shows the comparison between the 33CI* experiment results
(in black) with a set of simulation calculations. The green histogram corresponds to a
simulation by selectively removing the dead materials around the source : the 0,5 mm
thick gold layer and the 0,5 mm thick tantalum support. The red histogram is taking into
account the exact geometries of the surrounding materials. Note that the simulations
are normalized in order to reproduce the Compton edge. The gold/tantalum backing
is responsible for the production of an extra low-energy radiation. The origin of this
contribution comes from secondary electron/positrons produced by pair-production into
materials of high Z close to the source point. Figure G.8(a) illustrates the latter effect for
a simulated y-ray of 4 MeV with and without the gold/tantalum backing. Energy is not
only deposited in the detector from pair production electrons generated in the target,
but it is also lost from the escape of pair production electrons inside the active volume.
That is why the response is lowered at higher energy and boosted at lower energy. The
pair-production cross section rises with Z2, as illustrated in the following equation :

O pair—production = 4.Z%.c.r? [7/9.(In(183.2"/%) — f(Z)) — 1/54]
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Annexe G AIFIRA experiment : characterisation of a C6D6 scintillators using
proton-induced reactions

where Z is the atomic number of the material, r, is the electron radius (2,817.107'% c¢m)
and « is the fine-structure constant (aw = 1/137.036 ) compensating for the decreasing
Compton scattering cross-section. This contribution clearly plays an important role in
the detector efficiency. A comparison between our experimental results and simulations
is illustrated in figure G.8(b). Because of a bad setting of the TAC, %°Co data are not
available above nearly 450 keV. That is why a 500 keV gamma threshold has been applied
in order to obtain our experimental efficiencies and to proceed comparisons.

G.4 Influence of dead materials on the response matrix

The interpolation technique has been used to build the response matrix (see section
4.3.1.5). The gold/tantalum backing is responsible for an important pair-production
contribution that leads to a double escape peak in the response matrix, as can be ob-
served in the figure G.7 :

y (x 10%)

Probabilit

FIGURE G.7: Response matrix of the CsDg scintillator n°1 in the AIFIRA set-up (inclu-
ding the gold/tantalum target).
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Annexe H

Angular correlations in v — v
measurements

H.1 Angular distributions

The theory of angular distributions is well known, we refer to Ref. [Ferguson 65] and
[Yamazaki 67]. In nuclear reactions, y-rays emission is anisotropic with respect to the
beam axis. This anisotropy is studied through v transition angular distributions : in
general, when the spin alignment is well known , it is possible to determine the mul-
tipolarity L of the transition . The transition intensity can be written as a Legendre
polynomials P; sum (see figure H.1) where 6 is the emission angle with respect to the

beam axis : ;
W(0) =14 Aoy.Poy(cost) (H.1)

k=0
where the Ay, coefficients depend on the reaction (alignment), the multipolarity of
the transition and the spins of the initial and final states of the v transition. For an
oblate alignment!, a dipolar transition (L=1) has a negative coefficient A, and no A,
whereas a quadrupolar transition (L=2) has a positive coefficient A, and a negative Ay,

as illustrated in figure H.2.

H.2 Angular correlation

For a non-oriented nucleus, v-rays emission is isotropic. Nevertheless, when a nucleus
decays by two successive radiations (see figure H.3), the second radiation will have an
angular distribution about the direction of the first ~-ray. In other words, the spin of

IThe spins of an excited nuclear state produced by a fusion-evaporation reaction are aligned perpen-
dicular to the beam axis (see [Yamazaki 67]) and the population probability of nuclear sub-states
can be expressed as a Gaussian distribution around m = 0 for a given spin J.
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legendre polynomials
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FIGURE H.2: Generic shapes of angular distributions for a transition L=1 (middle) and
L=2 (right). ([Gelin 07])
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H.3 Consequence for our efficiencies determination

E,——

J,m
Ejaf LTy,
E— Y

E

ILn

v | L7y

E—Y

J 1y

FiGUure H.3: EM transitions from an initial quantum state ¢ over a final state f through
a cascade of multiplicity 2.

the nucleus may be oriented after the first y-ray emission. By analogy, this orientation
depends on the character of this transition, namely the multipolarity L of the transition
and the spins of the initial and final states of the v transition, J; and J; respectively,
and also the spin of the intermediate state J. The angular distribution, W(0), of a y-ray
emitted at angle 6 is given by :

L
W(é)) =1+ Z Agk(Ji, J, Jf).ng(COSQ) (HQ)
k=0
One can find coefficients Ay and A, in [Yamazaki 67], where dipolar and quadripolar
terms are given as a function of the characteristics of the v — v transition (multipolarity
of the two transitions and the multipole mixing ratios). Thus, at the order k£ = 2, one
can rewrite the angular distribution probability as :

W(0) =14 Ay.Py(cosh) + Ay.Py(cost) (H.3)

Consequently, angular distribution effects may introduce a systematic bias in the
determination of our response functions and in the detection efficiency of the CgDyg
scintillators, when one proceeds through a 7 — v coincidence measurement with the
Ge detectors. Usually, the idea is to set experimentally to zero the Py(cosf) Legendre
polynomial component of the angular correlation and consequently avoid performing
correction. In the following, we investigate the conditions where the angular correlation
could be neglected in our experimental set-up.

H.3 Consequence for our efficiencies determination

To cancel the term Py(cosf), v1(E;) and ~(F2) should be detected at 55° or 125° of each
other. For completeness, we recall that the table 3.15 summarizes the exact geometry
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Annexe H Angular correlations in v — vy measurements

of the detectors with regards to the beam axis. The table H.1 shows the relative an-
gular between our CgDg scintillators (y1(E;) detection angle) and Ge detectors (72(E2)
detection angle). The corresponding value of P(cosf) is also given.

Angle (rad) | Angle (deg) P,[cos(8)]

(C6D61,GEL) |1,053771285/60,3766472 | -0,133506875
(C6D61,GE2) |2,041096504]116,946215 | -0,191977323
ceD61 (C6D61,GE3) |2,915573284|167,050044 | 0,924668838
(CeD61,GE4) |2,242671142|128,495591 | 0,08117425
(C6D61,GES) |1,357882186|77,8009183 | -0,433022677
(CeD61,GE6) | 0,56159278/32,1768961 | 0,574609688

Angle (rad) |Angle (deg) Angle (rad) |Angle (deg) Angle (rad) |Angle (deg)
(C6D62,GE1) | 0,56159278| 32,1768961) (CeD63,GEL) |2,242671142( 128,495591 (CeD64,GE1) |2,915573284] 167,050044
(C6D62,GE2) |1,357882186| 77,8009183) (C6D63,GE2) |1,357882186( 77,8009183 (C6D64,GE2) |2,041096504| 116,946215
(CeD62,GE3) |2,242671142| 128,495591) (CeD63,GE3) | 0,56159278( 32,1768961 (CeD64,GE3) |1,053771285] 60,3766472
(C6D62,GE4) |2,915573284| 167,050044 (C6D63,GE4) [1,053771285| 60,3766472 (C6D64,GE4) | 0,56159278| 32,1768961
(CeDB2,GES) |2,041096504| 116,946215) (CeD63,GES) |2,041096504( 116,946215 (CeD64,GES) |1,357882186| 77,8009183
(CeD62,GE6) |1,053771285| 60,3766472) (CeD63,GE6) |2,915573284| 167,050044 (CeD64,GEB) |2,242671142| 128,495591

CceD62 CeD63 ceD64

TABLE H.1: Relative angle between C6D6 scintillators and Germanium detectors.

Therefore, to minimize angular correlations in our experiment, the following solution is
proposed : vy, (£} ) detection in CgDg 1 and 3 could be done in coincidence with v, (Es) in
Germanium 1 and 4 whereas 7, (E} ) detection in CgDg 2 and 4 will be done in coincidence
with 75(FE>) in Germanium 3 and 6.

H.4 Experimental verification of the angular correlation
suppression

In the following, we quantify the angular distribution of the ~-rays emitted from the
well-know ®°Co and %Y 4-sources and we verify that the latter choice is experimentally
justified.

H.4.1 Cobalt 60 : angular distribution for transition L=2

As shown on the y-decay scheme (see figure 1.13), ©°Clo is the S-decaying parent of % N4,
which decays by + emission. The two transitions of interest (4% — 27 and 2 — 07 )
are both dominantly F2 (electric quadrupole).

In this case, the coefficients Ay and A, are extracted from tables and the angular
distribution correlation is :

W () =1+ 0.102 x Py +0.09 x P, (H.4)
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60 88
,,CO T,,=30254y 300 T, =106,6d

7(99,925%)

4" 25050l 2. 734MeV

B(0,057%)

1,333MeV _ 1,836Mel

60 AT 88
Ni AV
FIGURE H.4: Decay scheme for ®°Co and ®Y sources

As a first approximation, we neglect the P, component and the equation can be
rewritten as :

W () ~1+0.102 x P, (H.5)

Efficiencies for each CgDg scintillator are experimentally determined in coincidence
with Germanium detectors separately, namely as a function of the v — v relative angle.
Note that Germanium 2 and 5 are not taken into account in this study. In figures H.5
and H.6, we fit our experimental efficiencies for the 4% — 2% and 27 — 0T transitions
with Legendre polynomials at the second order :

W(0) x e(0) = €o.(1 + As.Py(cosb)) (H.6)

where the coefficients A, is obtained experimentally and ¢ is the normalization factor
that corresponds to the efficiency for W (#) = 1. Note that dotted blue line corresponds
to the fitted value of €. The general shape of the experimental angular distributions is
significant since A, is waited to be positive for a v transition L = 2.

H.4.2 Yttrium 88 : angular distribution for transition L=1

The same work has been done for the 3= — 2*transition in 3857 deexcitation. The ~-
decay scheme relative to #Y source is presented in figure 1.13. The general form of the
experimental angular distribution is in good agreement with the fact that A, is negative
for a v transition L = 1, as shown in figure H.7.

H.5 Conclusion of this study

In the case of CgDg 1 and 3, one observe a nice agreement between the fitted 9 and
the average efficiency obtained in coincidence with Ge 1 and 4. This observation can be
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explained by the v —~ relative angle close to 55° and 125°, where the P(cosf) Legendre
polynomial component is zero. For the same reason, in the case of CsDg 2 and 4, the
angular correlation is minimized when the v—~ coincidence is made with Ge 3 and 6. The
table H.2 summarizes our conclusions that will be used in the efficiency determination
of the surrogate experiment. On the average, the deviations between the fitted value
g0 and the average efficiency obtained from chosen v — v coincidence were found to be
negligible in comparison with the statistical uncertainties.

’ ~v1(F1) detected in ‘ in coincidence withys(FE2) detected in ‘

C6D6 1 Gel/4
C6D6 2 Ge3 /6
C6D6 3 Gel/4
C6D6 4 Ge3 /6

TABLE H.2: Summary of chosen vy—~ correlation in order to minimize angular correlation
in CgDg efficiencies measurements.
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FIGURE H.7: Angular distributions for transition 3= — 2%in ®8S5r*
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Annexe |

Compton edge energies table

Energy of incident gamma Fy(keV) ‘ Equivalent Compton energy E.ompton(keV) ‘

121 38.89

244 119.19
344 197.39
014 343.33
661 476.72
834 638.41
898 699.09
1173 963.20
1333 1118.59
1836 1611.71
2313 2082.92
2614 2381.25
3089 2853.02
3164 2927.59
4386 4144.56
4440 4198.40
5270 0026.31
2922 2677.07
6219 2973.58
6878 6631.65
7000 6753.50

TABLE [.1: Compton energies table
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Annexe J

Calibration parameters of C6D6
scintillators
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F1GURE J.1: Calibration parameters for our CgDg scintillators.
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Annexe K Weighting functions parameters

’ E*(MeV) ‘ We (a1, a2, a3, a4,a5) = a1Eq + a2 E2 + a3ES + a4 E5 + as E5
5.53 0.0562941, 1.90336e-05, 1.06495e-06, -3.09729¢-09, 3.03785e-12
5.61 0.0552957, 2.59052e-05, 9.80076e-07, -2.80628e-09, 2.70985e-12
5.69 0.0544122, 2.96426e-05, 9.23677e-07, -2.60812e-09, 2.48180e-12
5.77 0.0537275, 2.79765e-05, 9.13873e-07, -2.55673e-09, 2.40616e-12
5.85 0.0530712, 2.57989¢-05, 9.09782e-07, -2.52539e-09, 2.35358e-12
5.93 0.0523845, 2.55909e-05, 8.88230e-07, -2.43941e-09, 2.24701e-12
6.01 0.0518072, 2.21408e-05, 8.96362e-07, -2.44754e-09, 2.23661e-12
6.09 0.0512050, 2.00958e-05, 8.92578e-07, -2.41921e-09, 2.19103e-12
6.17 0.0505266, 2.11504e-05, 8.64046e-07, -2.31957e-09, 2.07925e-12
6.25 0.0497957, 2.43973e-05, 8.17653e-07, -2.16762e-09, 1.91870e-12
6.33 0.0490965, 2.66515e-05, 7.82234e-07, -2.05323e-09, 1.79831e-12
6.41 0.0484515, 2.80609e-05, 7.53180e-07, -1.95716e-09, 1.69616e-12
6.49 0.0477985, 2.97945e-05, 7.23335e-07, -1.86169e-09, 1.59701e-12
6.57 0.0471698, 3.14878e-05, 6.93732e-07, -1.76768e-09, 1.50073e-12
6.65 0.0464812, 3.50935e-05, 6.50888e-07, -1.63941e-09, 1.37569e-12
6.73 0.0458050, 3.87458e-05, 6.08339e-07, -1.51381e-09, 1.25522e-12
6.81 0.0451090, 4.32716e-05, 5.60669e-07, -1.37781e-09, 1.12873e-12
6.89 0.0445485, 4.41391e-05, 5.40554e-07, -1.31547e-09, 1.06641e-12
6.97 0.0441713, 4.05325e-05, 5.52727e-07, -1.33760e-09, 1.07639e-12
7.05 0.0437352, 3.89469e-05, 5.50247e-07, -1.32141e-09, 1.05428e-12
7.13 0.0432757, 3.80493e-05, 5.44541e-07, -1.29984e-09, 1.02962¢-12
7.21 0.0428377, 3.72802e-05, 5.36044e-07, -1.26762e-09, 9.94336e-13
7.29 0.0422275, 4.10761e-05, 4.97474e-07, -1.16311e-09, 9.02501e-13
7.37 0.0415438, 4.66963e-05, 4.48272e-07, -1.03575e-09, 7.94842e-13
7.45 0.0409473, 5.03989¢-05, 4.12410e-07, -9.41832e-10, 7.14629e-13
7.53 0.0405195, 5.00946e-05, 4.03541e-07, -9.13682e-10, 6.86863e-13
7.61 0.0400609, 5.09000e-05, 3.87400e-07, -8.68313e-10, 6.46047e-13
7.69 0.0396220, 5.12372e-05, 3.75106e-07, -8.33080e-10, 6.13780e-13
707 0.0392923, 4.92350e-05, 3.78051e-07, -8.33825e-10, 6.09369e-13
7.85 0.0389829, 4.70592e-05, 3.81834e-07, -8.36000e-10, 6.05883e-13
7.93 0.0386264, 4.60228e-05, 3.79077e-07, -8.24004e-10, 5.92387e-13
8.01 0.0383181, 4.44206e-05, 3.78754e-07, -8.15787e-10, 5.80870e-13

TABLE K.1: Weighting-functions parameters as a function of the y-cascade energy (that
corresponds to the excitation energy of 17® Lu*)
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Annexe L. Radiative capture probabilities and associated errors

TABLE L.1: Results obtained for

268

tot

stat

syst

’ E*(MeV) ‘ P, op, op op
5.53 0.991245 | 0.033529963 | 0.032390223 | 0.008667866
5.61 0.961656 | 0.031851492 | 0.030721396 | 0.008409128
5.69 0.940947 | 0.030943412 | 0.029829417 | 0.008228039
5.77 1.050475 | 0.030678087 | 0.029270567 | 0.009185799
5.85 0.975650 | 0.029984592 | 0.028745249 | 0.008531497
5.93 1.026334 | 0.029640211 | 0.028248839 | 0.008974699
6.01 1.031446 | 0.029024879 | 0.027587932 | 0.009019401
6.09 0.991416 | 0.028819909 | 0.027485074 | 0.008669362
6.17 1.042055 | 0.028400749 | 0.026899273 | 0.009112171
6.25 0.981005 | 0.027918120 | 0.026567532 | 0.008578323
6.33 0.971291 | 0.027386708 | 0.026036403 | 0.008493380
6.41 0.839072 | 0.027000798 | 0.025984776 | 0.007337201
6.49 0.743485 | 0.026001299 | 0.025175386 | 0.006501348
6.57 0.670076 | 0.026133286 | 0.025467935 | 0.005859429
6.65 0.586827 | 0.024906656 | 0.024372312 | 0.005131464
6.73 0.491333 | 0.028884995 | 0.028460446 | 0.004934165
6.81 0.393521 | 0.027606371 | 0.027322046 | 0.003951897
6.89 0.333169 | 0.027192213 | 0.026985588 | 0.003345818
6.97 0.273166 | 0.026656297 | 0.026514766 | 0.002743243
7.05 0.278549 | 0.032859192 | 0.032739909 | 0.002797302
7.13 0.245568 | 0.033474737 | 0.033383774 | 0.002466093
7.21 0.206118 | 0.032598592 | 0.032532809 | 0.00206992
7.29 0.190816 | 0.034137294 | 0.034083468 | 0.001916251

the radiative capture probability of '"Lu in the

1"y b(®He, p) reaction.




tot

stat

syst
o Y

’ E*(MeV) ‘ P, op op P
6.75 0.988892 | 0.014761372 | 0.014193333 | 0.004055538
6.83 1.011127 | 0.014389772 | 0.01377934 | 0.004146726
6.91 1.000007 | 0.014101688 | 0.013492161 | 0.004101122
6.99 0.983956 | 0.013802238 | 0.013199173 | 0.004035295
7.07 0.98716 | 0.013368313 | 0.012740564 | 0.004048435
7.15 0.983275 | 0.01324828 | 0.012619662 | 0.004032502
7.23 0.996605 | 0.013152859 | 0.012501709 | 0.00408717
7.31 0.994373 | 0.013068301 | 0.012415727 | 0.004078016
7.39 1.04784 | 0.013078065 | 0.012351887 | 0.004297289
7.47 1.018478 | 0.012999133 | 0.0123098 | 0.004176873
7.55 0.997292 | 0.01279726 | 0.012126082 | 0.004089987
7.63 0.986331 | 0.012587873 | 0.011920245 | 0.004045035
7.71 0.867199 | 0.012274708 | 0.011748192 | 0.003556464
7.79 0.755429 | 0.011936866 | 0.01152782 | 0.003098085
7.87 0.608519 | 0.01170959 | 0.011440564 | 0.002495593
7.95 0.49528 | 0.011426012 | 0.011244022 | 0.002031189
8.03 0.39768 | 0.011389793 | 0.011272421 | 0.001630923
8.11 0.33516 | 0.011294911 | 0.011210963 | 0.001374522
8.19 0.243723 | 0.012203809 | 0.012152119 | 0.001122031
8.27 0.236924 | 0.012839629 | 0.012793216 | 0.001090731
8.35 0.226641 | 0.012512747 | 0.012469169 | 0.001043391
8.43 0.188304 | 0.01282331 | 0.012793974 | 0.000866898
8.51 0.16682 | 0.013526453 | 0.013500477 | 0.000837889
8.59 0.162127 | 0.013085508 | 0.013060146 | 0.000814318
8.67 0.151912 | 0.013527773 | 0.013506238 | 0.000763011
8.75 0.140294 | 0.013936414 | 0.013918588 | 0.000704657
8.83 0.136698 | 0.013340049 | 0.013322368 | 0.000686595

TABLE L.2: The same as Fig. L.1 but for 1" Lu in the ™Y b(3He, d) reaction.
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tot

stat

syst

’ E*(MeV) ‘ P, op op op

5.84 0.991014 | 0.027399196 | 0.026568817 | 0.006694316
5.92 1.000895 | 0.026784087 | 0.0259167 | 0.006761062
6 0.969407 | 0.025799673 | 0.024954801 | 0.00654836
6.08 1.039596 | 0.025912515 | 0.024942796 | 0.007022488
6.16 1.042485 | 0.025547369 | 0.024557652 | 0.007042004
6.24 1.008126 | 0.025301673 | 0.024368008 | 0.006809908
6.32 1.048983 | 0.024975313 | 0.023949036 | 0.007085898
6.4 1.004424 | 0.024540765 | 0.023584195 | 0.006784901
6.48 0.986324 | 0.024325236 | 0.023395008 | 0.006662635
6.56 1.017053 | 0.023908224 | 0.022899856 | 0.00687021
6.64 0.957923 | 0.023932675 | 0.023041307 | 0.006470786
6.72 0.952184 | 0.024259038 | 0.023390811 | 0.006432019
6.8 0.87843 | 0.023166466 | 0.022393638 | 0.005933809
6.88 0.784552 | 0.022965599 | 0.022345745 | 0.005299662
6.96 0.697801 | 0.022869055 | 0.022378005 | 0.004713657
7.04 0.645452 | 0.02286188 | 0.022442273 | 0.004360039
7.12 0.59893 | 0.022305329 | 0.021935345 | 0.004045782
7.2 0.508122 | 0.022379294 | 0.022114512 | 0.003432373
7.28 0.478057 | 0.025650008 | 0.025379047 | 0.003718452
7.36 0.442427 | 0.025385914 | 0.025151581 | 0.003441312
7.44 0.399132 | 0.024949718 | 0.024755811 | 0.003104553
7.52 0.389681 | 0.023815119 | 0.023621445 | 0.00303104
7.6 0.389338 | 0.023850905 | 0.023657866 | 0.003028372
7.68 0.34403 | 0.024502109 | 0.024355546 | 0.002675955

TABLE L.3: The same as Fig. L.1but for '™ Lu in the ™Y b(3He, t) reaction.




tot

stat

syst
o Y

’ E*(MeV) ‘ P, op op P
4.97 0.867644 | 0.041036552 | 0.040045762 | 0.008963013
5.05 0.969669 | 0.046326297 | 0.045230369 | 0.01001696
5.13 0.998884 | 0.046402635 | 0.045240775 | 0.01031876
5.21 0.987579 | 0.046018695 | 0.0448736 | 0.010201976
5.29 1.055506 | 0.047385256 | 0.046113688 | 0.010903681
5.37 1.022098 | 0.045819984 | 0.044586855 | 0.010558567
5.45 1.013934 | 0.045143983 | 0.043912068 | 0.01047423
5.53 0.962093 | 0.043741513 | 0.042597445 | 0.009938698
5.61 1.015466 | 0.045142467 | 0.043906731 | 0.010490056
5.69 1.070976 | 0.045821197 | 0.044465507 | 0.011063491
5.77 1.000818 | 0.043598731 | 0.042355163 | 0.010338738
5.85 0.982877 | 0.042850238 | 0.041629933 | 0.010153403
5.93 1.002354 | 0.042760335 | 0.04148769 | 0.010354606
6.01 1.020093 | 0.042359696 | 0.041028008 | 0.010537855
6.09 0.986419 | 0.04168723 | 0.040422632 | 0.010189992
6.17 1.0108 | 0.041699778 | 0.040371267 | 0.010441855
6.25 0.954926 | 0.040331069 | 0.039106056 | 0.009864661
6.33 0.967923 | 0.0402711 | 0.039010037 | 0.009998923
6.41 0.874169 | 0.037307109 | 0.036197678 | 0.009030418
6.49 0.784526 | 0.035215859 | 0.034270625 | 0.00810438
6.57 0.723615 | 0.033155683 | 0.032302035 | 0.007475151
6.65 0.537504 | 0.027938023 | 0.027380689 | 0.005552571
6.73 0.46492 | 0.025554657 | 0.025099283 | 0.004802758
6.81 0.382854 | 0.022792684 | 0.022446926 | 0.003954992
6.89 0.368835 | 0.021943753 | 0.021610435 | 0.003810172
6.97 0.275903 | 0.021201812 | 0.020956786 | 0.00321402
7.05 0.241452 | 0.019468943 | 0.019264695 | 0.002812697
7.13 0.208681 | 0.017943023 | 0.017777586 | 0.002430945
7.21 0.223422 | 0.018227721 | 0.018040952 | 0.002602664
7.29 0.200941 | 0.016920567 | 0.016757873 | 0.002340781
7.37 0.166798 | 0.015321343 | 0.015197635 | 0.001943046
7.45 0.131907 | 0.013479834 | 0.013391968 | 0.001536597

TABLE L.4: The same as Fig. L.1 but for 'Y in the ™Y b(3He, ) reaction.
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Correlation-matrix
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FiGURE M.1: Correlation-matrix for the radiative capture probability obtained in the
(3He,d)'™ Lu* reaction.
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Annexe N

Identification of the gamma transitions

| By (keV) [ Jr = J'7 | BievakeV) | Ty | I, |

71.51 1" —= 1" 194.35 35 ns
112.92 3~ —= 1" 235.76

182.42 27 =1 305.26

184.13 8 =T~ 184.1

186.98 2t — 17 381.34

192.21 1= =1t 386.57 100
201.56 2 — 37 437.32

225.40 37— 27 658.43 6.3 ns
240.76 8t — 8~ 424.89 21ns | 100
263.73 1= =1 386.57 49
284.64 4T — 3* 657.13 0.5ns
310.18 27 =1 433.03

335.85 4t — 3+ 635.19 7.8 ns
424.89 8t — 7~ 424.89 2ns | 44
563.92 6~ — 7 563.92

838.62 T =T 838.62 0.2 ns

TABLE N.1: Identified gamma transitions in ‘™Y b(3He, py)'"® Lu* [Basunia 06]
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[E,(keV) [ Jr = J7 | Bewa(keV) | Tijp | I, |
8836 | " — 3" | 43274 | 0.mns | 100
1138 | 27 17 113.8 90 ps
13292 | & — 57 | 529.25
137.65 | 47 97 | 25146 | 32.4ps | 100
1474 | B7 97 | 5623
156.07 | B~ — 17 | 685.32
160.9 | BT - U7 1 41239 | 12.7 ps
1788 | 27 —» 87| 863.7
182.9 | 7 5 BT 1 509595 37.4
2356 | Y =187 7981
25147 | U7 97 [ 925146 | 324ps | 77
255.72 | 1" =17 | 62653 | 10.6ns
28252 | 27 97 | 39632 | 3.28us | 46.6
289.45 | 3T 5T [ 632.76
208.7 | BT 97 [ 41239 | 12.7 ps
319.29 | BT 97 [ 672.83
3240 | I =2 886.3 92
34338 | 37— I" | 34338 |0.281ns
343.7 | BT - U7 [ 50525 100
35348 | 37— I" | 35348 | 149us
387.6 | 1T - BT[] 799.95 | 4.05 ps
39632 | 2 — 1" | 39632 | 3.28ns | 100
43274 | T IT | 43274 | 0.Qns | 598
4113 | B =3 886.3 100

gamma transitions in

TABLE N.2: Identified
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"Y' b(3He, dy)'™ Lu* [Basunia 04]

174Yb(3H6,pn7)175Lu*

and



| Ey(keV) | Jr = J'7 | BevakeV) | Tipp | I, |

88.54 4= — 3~ 200.29

105.9 8t — 7t 537.41
110.906 | 5~ — 4~ 311.20

111.12 =T 431.41 1.5 ns | 44.7
129.06 3t — 3~ 240.82 395 ns | 100
138.16 6~ — 5~ 619.16

149.45 7T — 6" 320.29

154.83 3t —47f 414.37

154.99 bt — 4* 575.66

166.48 | 107 — 9* 843.12

196.11 3t — 27 240.82 395 ns | 33
208.36 2t — 37 320.11 100
253.43 4= = 3" 365.18 145 ns
260.58 T — 6" 431.41 1.5 ns | 100
281.16 0t — 1~ 281.16

285.8 57 — 67 456.5

308.9 4t — 37 420.60

320.09 2t = 1~ 320.11 26
320.51 8 — 6~ 491.35

340.69 8t — 7 771.98

360.67 T — 6" 531.3

475.3 | 127 — 10~ 1370.5

522.42 1= =1 522.42

TABLE N.3: Identified =~ gamma  transitions in

"y b(3He, ty)'™ Lu* [Browne 99

174Yb(3H€, dn’y)lmLu*

and
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TABLE N.4: Identified gamma transitions in '™Yb(3*He, tny)'™ Lu* [Shirley 95a]

278

| E,(keV) | Jr = J'7' | Bieva(keV) | Ty | I |

7+

11718 | 97 =2 117.18
+ —
13110 | 7 =5 [ 58008
139.634 | 3~ — 2 263.30 | 0.16 ns
14141 | 47 5 97 | 25856
160.23 | & — 3 | 358.70
¥ F
191.18 a — 17?; 1074.71
220.61 | 3" 1 1359.26
2480 | Y =87 | 606.69
258.56 | LT - IT | 25856
206.97 | 1" =1 | 42531 |0.84mns
306.45 | 7 - 97 | 423.62
311.23 | 3" 5" | 434912 |0.38ns
3350 |27 - 17T [ 941,69
356.99 | 2" 17 | 35699 | 383 ps
44898 | & —I7 | 44898 |0.58ns

| Ey(keV) | Jr = J'7' | Eiewa(keV) | Ty | I, |
7863 | I — 5 78.64 46 ps
10072 | 37 =17 179.36 | 32ps | 100
12255 | & — 27 | 301.85 | 16.7 ps | 100
144 | BT 5 U7 1 4457 93.4
1649 |2 — 2 | 6106 7.3 ps | 65.4
17139 | I7 =2 | 35076 | 0.45ns | 13.7
17936 | §~ — 5 17936 | 32ps [ 263
22316 | & — 7 | 301.85 | 16.7ps | 64.3
233.60 | 2" — 2 | 412.96
2664 | BT - 27 445.7 100
272.1 | I 1" | 350.76 | 0.45ns | 100
3089 | 2" =41 | 6106 7.3 ps | 100
3989 | i —2 398.9 2.9 us
4614 | 37— 2 461.5 | 0.56 ns

TABLE N.5: Identified gamma transitions in '™Yb(3He, ay)'"™Yb* [Shirley 95b]



| E,(keV) | Jr = J'7' | Bleva(keV) | Ty |1, |
7874 | 2T — 0F 78.64 1.65 ns
181.53 | 4% — 2% 260.26 | 0.122 ns
279.71 | 67 — 47 539.97 16.6 ps
372.06 | 8" — 67" 912.12 3.5 ps

TABLE N.6: Identified gamma transitions in '™Yb(3He, any)'™Y b*[Singh 95]
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Annexe O

Neutron-induced experiment
' Lu(n,n'y) at CEA DAM DIF

0.1 Introduction

In this appendix, the TALYS calculations are confronted to a neutron-induced expe-
riment in order to test the deexcitation parameters inputted in the statistical model. We
stress that this work is leaded by our colleagues' from CEA-DAM-DIF. The idea is to
compare y-ray intensity ratios measured in the neutron-induced reaction with the sur-
rogate (*He, py) experiment. The advantage to measure ratios instead of absolute cross-
sections for several low-lying transitions is to reduce systematic errors due to the neutron
flux and solid angles uncertainties. Furthermore, no dead-time correction is needed and
anisotropy effects are strongly removed in the ratio approach. Three neutron-induced
experiments were performed in :

1. July 2008 : *®Lu(n,v)'" Lu* using two Germanium detectors. Unfortunately, the
TOF technique was unable to discriminate v-rays coming from the capture reac-
tion (mainly fed by isomeric states) and the v — n background coming from the
production target. Probably the n-shielding was not enough efficient. vy-transitions
coming from 176 Lu were weakly fed (the production cross sections drops very qui-
ckly with increasing incident neutron energy) and did not emerge clearly from the
background noise. Nevertheless, we observed some 7-transitions coming from the
inelastic scattering reaction '™ Lu(n, n'y)'™ Lu*.

2. July 2009 : '™ Lu(n,v)'"® Lu* with an array of six LaBr detectors. The idea was
to clean considerably our v-spectra due to the excellent time resolution of the
LaBr scintillators. In addition, the vy-rays were detected in coincidence in order to
reduce the background noise as the dead time. But again, we were confronted to

Vincent Méot, Olivier Roig, Aurélien Blanc, Camille Théroine, Adeline Bail et al.
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Annexe O Neutron-induced experiment ' Lu(n,n'vy) at CEA DAM DIF

experimental difficulties. Firstly, LaBr detectors were found to be very sensitive
to the ambient temperature and the energy calibration was therefore unstable.
Secondly, the LaBr detectors were rather sensitive to neutrons. As a consequence,
the bad energy resolution and the activation did not permit us to separate y
transitions coming from "®Lu and the internal radioactivity of the detector. No
~v-transitions of interest were identified.

3. November 2010 : A comparison between TALYS calculations and the neutron-
induced inelastic experiment is another way to test the deexcitation parameters.
In this experiment, we measured some ~-transitions coming from the inelastic
scattering reaction '™ Lu(n,n'y)!" Lu*. We used only one Germanium detector.
Statistics was sufficient. In this case, the production cross section raises with the
incident neutron energy. This is this experiment which is detailed in this appendix.
We stress that we show preliminary results.

0.2 Experimental set-up (November 2010)

The experiment was performed using the 4 MV accelerator of CEA-DAM-DIF. This acce-
lerator was used to deliver pulsed proton beam. This beam impinged on titanium-tritium
target (TiT) in order to produce mono-energetic neutrons. The neutron production is
made in the T'(p,n)3He reaction, as shown in table O.1. To limit the counting rate in
the Ge detector below 3000 counts/second, the proton beam intensity on the tritiated
titanium target was ~ 1 pA. The neutron flux was measured by a BF3 detector (propor-
tional counter). Figure O.1 presents a schematic view of the experimental arrangement.
The LusO3 target was a cylinder of 3 cm diameter and 3 cm thickness. It was placed in
front of the neutron production target far from about 13 cm. The germanium detector
was placed at 40.2 cm from Lu,Os sample and at 130° with respect to the accelerator
beam axis. Measurements were also done at 90° in order to compare the obtained ratios
for two detection angles.

| E,(MeV) | E,(MeV) | 22 {0°} (mb/sr) |

1.2 0.351 56.1
1.4 0.575 01.4
1.8 0.996 58.6
2.2 1.406 7
4.0 3.22 98

TABLE O.1: Details about T'(p,n)*He reaction as neutron production. Note that the
neutron energy F, depends of the emission angle ([Liskien 73]).
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Lead
Lu sample I

y from 75Lu(n,y) et (n,n’y)
e

/ 48°
I—/ Te2d

115° 2

Directy

Tritiated
titanium
target

Proton beam

F1GURE O.1: Experimental set-up at CEA-DAM-DIF

0.3 Time-of-Flight technique

The keys of this neutron-induced experiment were to discriminate :
e ~v-rays coming directly from the production target,
e ~v-rays coming from the Lu sample after a neutron capture,
e mneutrons mainly produced in the production target.

Experimentally, fast neutrons were strongly moderated by a screen of C'H between the
production target and the Germanium detectors. Moreover the detector was also shielded
with lead from direct y-rays. The discrimination is made by the difference of time of
flight for a y-ray and a neutron.

0.72295 x d,,(cm)

TOFneutrons (ns) = (Ol)
E,(MeV)
_d dy(cm)
TOF,(ns) = .= a0 (0.2)

where E, is the neutron energy and d, is the distance traveled by the particle x.
Obviously these distances need to be high enough to proceed time measurements and
observe some differences. The time resolution of the Ge detector (=10 ns) was not enough
precise to separate y-rays of interest (coming from the 1 Lu(n, n'v) reaction) from direct
~-rays but the discrimination between ~-rays and neutrons was clean. Figure O.2 gives
the time-of-flight scales for a given proton beam energy E, and shows the schematic
form of a time signal. The START signal is done by the pulse of the accelerator and the
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STOP signal corresponds to an event in the Ge detector. In our case, the acquisition
was triggered only when an event is detected in the germanium detector with a chosen
~v-ray detection threshold. in order to reduce the background noise and avoid a huge
dead time for the acquisition system. The electronics used is shown in figure O.3.

e d=402mm | Direct y 75Lu(n,y) et (n,n"y)
Exemple: &
TOF,=1,34ns ) SEmPE: \ \ Direct n
= \. (highly attenuated with CH)
d=130mm - ™
= TAC
T(p,nPHe, Nuelear Data Tables, Vol.11, N°7, 1973 ~12ns
<> =95ns

~(a)- —(b)-

FIGURE O.2: Example of TOF measurements (a) and schematic TAC-spectrum (b)

The ~-rays of interest (coming from 17 Lu(n,n'y)™Lu*) are identified in a two-
dimensions plot. A TAC channel corresponds to about 100 ps. The figure O.4 shows
~-rays zoomed spectra as a function of the TOF, which corresponds to the ~y-rays tra-
vels. The large horizontal green contribution is due to direct y-rays of all energies. In
comparison, with a delay of almost 10 ns, one observe two ~-transitions at 343 keV and
396 keV. These y-rays correspond to 5/27 — 7/2%(0.281 ns) and 9/2+ — 7/27(3.28 ns)
respectively and are the main transitions fed in the reaction '™ Lu(n,n'y)'™ Lu*. Note
that because the 9/2% state is an isomeric state, the v deexcitation is spreading over
the time. Last, one observe many well-defined ~-rays which are not correlated in time :
these are v-rays coming from intrinsic activation of the germanium detectors but also
the activation of the lead shield. The experimental TOF spectrum is shown in figure
0.5 and three cuts in time which correspond to the background, the y-rays and the neu-
trons, respectively, are defined. The corresponding y-spectra for these three different cuts
are also presented. By using the adequate selection (namely CUT 2), v-rays transition
intensities can properly be extracted.

0.4 Efficiency and auto-absorption

Gamma-rays transition intensities need to be corrected for the efficiency in the Germa-

nium detector. The auto-absorption ¢ has to be taken into account :

1 — et
c= 1= (03)
w.t

where ¢ is the width of the target (cm) and p is the absorption coefficients (¢cm?.g71).
Note that p depends on the constituents of the target (for LuyOs, the fraction by weight
are approximately 12% of Z = 8 and 88% of Z = 71), the geometry of the target and
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F1GURE O.3: Block diagram of the electronics used for the neutron-induced experiment,
using TOF discrimination.
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F1cURE O.4: TAC vs energy bi-dimensional plot : identification of the two main ~ tran-
sitions in '™ Lu.
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obviously the energy E, of the considered ~-ray. In our case, the experimental efficiency
was determined by using *?Eu, *3Ba and ?*' Am ~y-sources. To cover a large range of
energy, the efficiency was then simulated with GEANT4. This work was realized by our
colleagues from CEA-DAM-DIF (Aurélien Blanc).

0.1
g F —$— 152Eu
$0.09F
SYYEE * I —— 133Ba
EoooF I
1 0.08 a . — 241Am
0.07F L= ' —— Simu GEANT4
F 1
0.06F v
E L
0.05|
0.04f )
E ]
0.03f-4*
0.02; P
0.01F
GO 100 200 300 400 500 600 700 800 900

Energy (keV)

F1GURE O.6: GEANT4 geometry and simulated efficiency compared to experimental
efficiency (preliminary results). (Aurélien Blanc, CEA-DAM-DIF)

0.5 Results

5/21t—7/21(343keV)

We determined the following inelastic (n,n’) v-ray intensity ratios :

9/2+F=7/2% (396keV)
+ +
and 151/ /22:;77/ /22+(324531k,fe‘9). As shown in figure O.7, the obtained ratios are similar indepen-

dently on the detection angle. The TALYS calculations are in good agreement with the
neutron-induced data. This preliminary study ensures that we have reliable parameters
in TALYS. It gives a strong confidence in the TALYS calculations used in Chapter 5.
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Sections efficaces neutroniques via la méthode de substitution

Résumé : Les sections efficaces neutroniques des noyaux de courte durée de vie sont des données cru-
ciales pour la physique fondamentale et appliquée dans des domaines tels que la physique des réacteurs
ou lastrophysique nucléaire. En général, I'extréme radioactivité de ces noyaux ne nous permet pas de
procéder a des mesures induites par neutrons. Cependant, il existe une méthode de substitution («
surrogate » dans la littérature) qui permet de déterminer ces sections efficaces neutroniques par l'inter-
médiaire de réactions de transfert ou de réactions de diffusion inélastique. Son intérét principal est de
pouvoir utiliser des cibles moins radioactives et ainsi d’accéder a des sections efficaces neutroniques qui
ne pourraient pas étre mesurées directement. La méthode est basée sur I’hypothése de formation d’un
noyau composé et sur le fait que la désexcitation ne dépend essentiellement que de I’énergie d’excitation
et du spin et parité de I’état composé peuplé. Toutefois, les distributions de moments angulaires et
parités peuplés dans des réactions de transfert et celles induites par neutrons sont susceptibles d’étre
différentes. Ce travail fait I'état de 'art sur la méthode substitution et sa validité. En général, la mé-
thode de substitution fonctionne trés bien pour extraire des sections efficaces de fission. Par contre, Ia
méthode de substitution dédiée a la capture radiative est mise 4 mal par la comparaison aux réactions
induites par neutrons. Nous avons réalisé une expérience afin de déterminer les probabilités de désex-
citation gamma du " Lu et du '™3Y'b & partir des réactions de substitution ™Y b(>He, py)' "0 Lu* et
174y b(3 He, ay)1™3Y b*, respectivement, et nous les avons comparées avec les probabilités de capture ra-
diative correspondantes aux réactions 1® Lu(n,~y) et 1Y b(n,~) qui sont bien connues. Cette expérience
a permis de comprendre pourquoi, dans le cas de la désexcitation gamma, la méthode de substitution
donne des écarts importants par rapport a la réaction neutronique correspondante. Ce travail dans la
région de terres rares a permis d’évaluer dans quelle mesure la méthode de substitution peut s’appliquer
pour extraire des probabilités de capture dans la région des actinides. Des expériences précédentes sur
la fission ont aussi pu étre réinterprétées. Ce travail apporte donc un éclairage nouveau sur la méthode
de substitution.

Mots-clés : méthode de substitution, réactions de transfert induites par ® He, surrogate, noyau composé,
théorie Hauser-Feshbach, approximation Weisskopf-Ewing, sections efficaces neutroniques, capture ra-
diative, émission de neutrons, distributions de moments angulaires, spins, efficacité de détection d’une
cascade-gamma, fonctions de poids, CsDg, germanium, TALYS.

Neutron-induced cross sections via the surrogate method

Abstract : Neutron-induced cross sections of short-lived nuclei are needed for fundamental and applied
physics as nuclear energy or astrophysics. However, very often the high radioactivity of the samples
makes the direct measurement of these cross sections extremely difficult. The surrogate reaction me-
thod is an indirect way of determining neutron-induced cross sections through transfer or inelastic
scattering reactions. This method presents the advantage that in some cases the target material is
stable or less radioactive than the material required for a neutron-induced measurement. The method
is based on the hypothesis that the excited nucleus is a compound nucleus whose decay depends es-
sentially on its excitation energy and on the spin and parity state of the populated compound state.
Nevertheless, the spin and parity population differences between the compound-nuclei produced in
the neutron and transfer-induced reactions may be different. This work reviews the surrogate me-
thod and its validity. Neutron-induced fission cross sections obtained with the surrogate method are
in general good agreement. However, it is not yet clear to what extent the surrogate method can be
applied to infer radiative capture cross sections. We performed an experiment to determine the gamma-
decay probabilities for 17 Lu and "Yb by using the surrogate reactions "Yb(*He,py)'"% Lu* and
174y b(3 He, ay) 7Y b*, respectively, and compare them with the well-known corresponding probabilities
obtained in the ' Lu(n,v) and ™Y b(n, ) reactions. This experiment provides answers to understand
why, in the case of gamma-decay, the surrogate method gives significant deviations compared to the
corresponding neutron-induced reaction. In this work, we have also assessed whether the surrogate me-
thod can be applied to extract capture probabilities in the actinide region. Previous experiments on
fission have also been reinterpreted. Thus, this work provides new insights into the surrogate method.

Keywords : surrogate reaction method, 3He-induced transfer reactions, compound nucleus, Hauser-
Feshbach theory, Weisskopf-Ewing approximation, neutron-induced cross sections, radiative capture,
neutron emission, angular momentum distributions, spins, detection efficiency for a gamma-cascade,
weighting functions, CsDg scintillators, Ge detectors, TALYS code.
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