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1 INTRODUCTION

1.1 Motivation of the measurements.

A precise determination of neutron cross sections of Pb and Bi isotopes is important in three

fields: the design of the spallation source and coolant for Accelerator Driven Systems, the

investigation of the s-process of stellar nucleosynthesis and the study of neutron induced

reaction mechanisms.

1.1.1 Accelerator Driven Systems

A large effort in the European Union and indeed worldwide is concerned with the physics and

chemistry of transmutation of nuclear waste. The aim is to reduce the volume of high level

waste to be stored in geological repositories by a factor ten or more and to reduce the effective

time for which storage is essential from several hundreds of thousands of years to a thousand

years or less. This implies a need for multiple recycling of Pu, reuse of or dedicated burners

for the minor actinides (Np, Am, Cm isotopes) and transmutation of certain longlived fission

products (LLFP) such as 99Tc and 129I. It is generally acknowledged that the excess neutrons

easily provided by fast reactors or in Accelerator Driven Systems (ADS) are required for an

effective transmutation strategy and that a fast spectrum is essential to transmute all minor

actinides by fission.

The concept of an ADS combines a particle accelerator with a sub-critical core. In a sub-

critical reactor, the number of neutrons originating from fission is not sufficient to overcome

the neutron losses due to leaks and absorption of neutrons by materials. Therefore, a chain

reaction cannot be self-sustained and, in order for the reaction to proceed, one needs to

continuously supply neutrons from an external source. In an ADS, this external source

consists of neutrons created by spallation of heavy nuclei, e.g. Pb, induced by accelerated

charged particles.

Most concepts assume proton accelerators, delivering beams with an energy around 1 GeV.

The accelerator is either a linear accelerator or a cyclotron. High-power accelerators have

been under continuous development, and the construction of accelerators with the required

specifications, i.e. electrical efficiencies in the vicinity of 50% and beam powers up to 10

MW for cyclotrons and up to 100 MW for linacs, now appears to be feasible.
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The design of a spallation target goes some way along with the target design for spallation

neutron sources for neutron physics investigations, with the common route to abandon the

solid target technology. The best choice seems to be a heavy liquid metal as target material, in

particular a Pb-Bi eutectic, that can be used at the same time for convective cooling.

In order to obtain a fast neutron spectrum, which is required for the good functioning of an

ADS, the choice of the primary coolant medium is restricted to liquid metals (Pb, Pb-Bi, Na)

or gas (He, CO2). More “exotic” coolants such as molten salts, which would require extensive

technological developments, are presently considered well beyond the state of the art and are

presently neglected for the design of the ADS prototype.

Liquid metals are eligible candidates due to their attractive thermal properties and to the

possibility to operate close to atmospheric pressure. The high boiling point of liquid metals

(in excess of 1700 �C for Pb or Pb-Bi) and the high thermal inertia are very favourable to

defer or prevent core cooling problems even in the unlikely case of complete loss of heat

removal.

Since the target and coolant of choice for ADS are Pb or a Pb-Bi eutectic, interest has been

focused on the nuclear data of all Pb isotopes and of Bi. In an ADS, these isotopes are

exposed to the direct proton beam and to the secondary neutrons, ranging from the primary

beam energy of typically 1 GeV down to thermal energies. In terms of neutron reactions, the

required data refer to the (n,n’), (n,g), (n,f), (n,xg) and (n,xn) reaction channels. These cross

sections are of immediate relevance for describing the neutron balance and the neutron

spectrum in the design of an ADS. In a typical ADS roughly half of the produced neutrons are

consumed by capture reactions. Moreover, the ultimate radioactivity of target and coolant will

be determined to a large extent by the a-emitters 210Po (T1/2 = 138.376 d) and the long-lived
210mBi (T1/2 = 3.04 106 y). 210mBi and 210gBi are produced by neutron capture on 209Bi and
210Po is produced by b-decay of 210gBi (T1/2 = 5.01 d). Consequently, the 209Bi(n,g)210mBi and
209Bi(n, g)210gBi cross sections are important nuclear data for the operation of an ADS and

long-term nuclear waste disposal aspects.

A benchmark exercise [BRO00] on the operation of an ADS based on Th/Pu fuel has shown

that the criticality differs by about 0.3 % using the cross section data for natPb compared to the

criticality obtained from a combination of the cross section data for the different isotopes.

Using different data bases the difference reaches almost 1%.
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These arguments justify the need for accurate measurements of the neutron capture cross

sections of Bi and of the Pb isotopes related to advanced nuclear fuel cycle concepts.

1.1.2 Stellar nucleosynthesis

Almost all the elements in nature are synthesised in the stars at different moments of their

evolution. Immediately after the Big Bang the universe was full of hydrogen, helium and

other light elements up to 7Li. The nuclear stability gaps at atomic mass equal 5 and 8 stopped

the production of heavier nuclei via charged particles reactions. Burbidge et al. [BUR57]

proposed a theory in which the formation of heavier elements takes place via transformations

in the stars interiors. The conversion of the gravitational energy due to the contraction of the

stars leads to a continuous heating of the inner regions. When the temperature in the centre

reaches about 1-2 107 K, the thermonuclear fusion of hydrogen nuclei starts and the energy

generated in the process stabilises the star, stopping the contraction. From now on, the

evolution of nuclear species is tightly connected with the evolution of stars themselves.

Elements up to iron are synthesised during the so-called hydrostatic stage of the life of the

star, through a chain of thermonuclear reactions. When the iron-peak elements are reached,

charged-particle reactions stop because the Coulomb potential becomes too high to be

penetrated.

At this point, neutron capture processes take over for the synthesis of elements heavier than

iron. An incoming neutron has no Coulomb barrier to overcome, so this process can be

efficient even at very low energies, considering the fact that on average the neutron capture

cross section has a 1/v behaviour. As shown in Fig. 1.1 this (n,g) hypothesis is strongly

supported by the heavy elements distribution versus atomic mass in the cosmos. This clearly

reveals the signature of neutron shell effects occurring in neutron capture reactions, since the

double peaks observed in the abundance distribution correspond to initial nuclides with a

closed neutron shell configuration, as it will be explained later on.

Two different neutron capture processes are responsible for the synthesis of the elements

heavier than iron: the s (slow) and the r (rapid) process. The major difference between them is

the characteristic time scale. The s-process takes place during the hydrostatic stage of the

evolution and it is characterised by a time scale of some 104 y, while the r-process happens

during the explosive stage of stellar evolution just before the supernova explosion with a time

scale of a few seconds. This major difference is reflected in the characteristic path of each of

these processes.
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Figure 1.1 The relative cosmic abundances as a function of the atomic weight. The continuous
line represents the calculated contribution of the s- and r- process.

The s-process path passes through the valley of stability in the chart of nuclides, since the

neutron density is not very high; if unstable isotopes are generated, they usually decay before

experiencing the next neutron capture. The peaks at magic numbers N=50, 82 and 126,

observed in Fig. 1.1, are created during this process. At some points in the chain there are

nuclei with comparable neutron capture and b-decay rates; in such case a branching on the s-

path occurs. The competition between the two processes depends upon the physical

conditions, so the study of branching points can deliver important information on the neutron

density, the temperature and the electron density during this phase of the stellar evolution.

Neutron capture becomes the dominant reaction starting from 56Fe (the seed nucleus) up to
209Bi, the last stable nucleus. If elements heavier than 209Bi are synthesised, they will rapidly

decay via a-particle emission, so the s-process is stopped.

The r-process is characterised by extremely intense neutron fluxes, so neutron capture occurs

at higher rate than b-decay. The matter is driven far away from the valley of b-stability to the

neutron-rich side, with typically 10-20 neutrons in excess of their stable isobaric neighbours.

When the path reaches nuclei with a closed neutron shell (N = 50, 82 and 126), the next

neutron capture will provide an isotope with N+1 neutrons. These isotopes have a very small

neutron binding energy and a relatively long half-life. These nuclei with closed neutron shells
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will act as a bottleneck on the r-process path and build up large abundances. The closed

neutron shells are encountered in the neutron rich region. Therefore, after b-decay of the

produced isotopes to the stability valley, the yield peaks are located at slightly lower neutron

number (N = 46, 76 and 116) than in the s-process. The major evidence for the r-process is the

existence of the abundance peaks on the low A side of the s-process and the natural

occurrence of uranium and thorium.

Fig. 1.2 illustrates the s-process and r-process reaction network between Hg and Po. When the

neutron capture chain reaches 209Bi, the next captures feed the a-unstable trans-bismuth

isotopes, which terminate the production of heavier nuclei and start recycling the s-process

flow to 206Pb and 207Pb. These contributions, which are determined by the role of the isomer
210mBi and a possible branching at 210Po, are important for unraveling the radiogenic

contributions to the isotopic Pb abundances from the Th and U decays (radiogenic r-process),

which are important quantities for dating purposes.
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Figure 1.2. The reaction network at the end of the s-process path. Stable isotopes are
indicated with shaded boxes.
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In particular, the s-process production needs to be determined self-consistently in order to

separate the remaining radiogenic contribution and the corresponding r-process yields. For

this to be done, the cross sections of the Pb isotopes, and in particular that of 204Pb - an s-only

isotope, shielded from the r process by its mercury isobar - must be accurately known as they

are required to define the s-process abundances.

Some s-process models [BUR57] describe the s-process fraction of the elements distribution

as due to the mixing of mainly two s-process components with different fraction of the seed

and mean neutron exposure. The main component is responsible for the production of

elements with atomic mass A from 90 up to 209. Below A~90 the main component fails to

describe the observed abundances. Therefore, a weak component, characterised by a smaller

neutron exposure, was added. While this canonical s-process was extremely successful in

reproducing a majority of the observed abundances, it did encounter difficulties in the

production of very heavy elements, Pb and Bi in particular. For this reason, it was postulated

that there was a third strong component of the s-process which was exclusively responsible

for the production of these heavy isotopes [CLA67]. Another suggestion for the synthesis of

the missing abundance of 208Pb has been proposed by Gallino et al. [GAL90]. According to

this scenario, the strong component finds its origin in low-metallicity stars. The metallicity

describes the concentration of all elements present in the star apart from hydrogen and

helium. The 13C(a,n)16O neutron source, being synthesised from hydrogen via charged

particle reactions, is metal independent. Decreasing the metallicity leads to roughly the same

amount of 13C; this means that the same amount of neutrons will be produced but they will

irradiate a smaller number of seeds. The result is that the relative 208Pb abundance increases

dramatically as the metallicity decreases. It is at this phase of stellar nucleosynthesis that the
206Pb(n,g) and 209Bi(n,g) reactions enter the stage, since their cross section influence the

abundances of the Pb and Bi isotopes. Stellar models are continuously improved, with the

level of precision of the models reaching the point where the present nuclear data for these

isotopes are no longer accurate enough. In particular the models necessitate improved

measurements of the neutron capture cross sections for these heavy isotopes [KÄP90].

So accurate neutron capture cross section data for 206Pb and 209Bi are important to investigate

the end of s-process path of stellar nucleosynthesis. At present, the status of the respective

nuclear data in the A = 204 - 210 region is unsatisfactory [RAT04]. For the unstable

branching point isotopes 204Tl and 205Pb, only theoretical cross sections are known. The

available experimental cross section data for 204Pb and for 206Pb exhibit significant
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discrepancies. Systematic uncertainties, that were not recognised in the respective

experiments, exist in the data obtained with the TOF technique. More recent data were

reported for 207Pb, 208Pb, and 209Bi [MUT97] with uncertainties between 9 and 14%, yet not

sufficient to characterise the s-process abundances with the accuracy of ~5%, which is

mandatory for reliable analyses.

In order to perform s-process calculations one needs two types of input data: the solar

abundances of the involved seed nuclides (usually derived from the analysis of meteorites),

and their stellar reaction rates, which can be defined as,

×� gg js>=s<
0

dv)v(vv 1.1

where s�  is the capture cross section and v is the neutron velocity, and the integration runs

over the velocity distribution j(v)dv. In the case of neutrons under stellar conditions

characterising the assumed sites of the s-process nucleosynthesis [CLA61], a thermal

equilibrium is established and j(v)dv becomes a Maxwell-Boltzmann distribution. In the s-

process, it is common to define a Maxwellian-Averaged Capture cross section (MAC), by

dividing the reaction rate by the mean velocity vT at a temperature T.

)kT(
v

v
)kT(MAC

T

>s<= g 1.2

To calculate the MAC we need neutron capture cross section data in the energy region of

interest. In this work, the thermal cross section for the 206Pb(n,g) and 209Bi(n,g) reaction and

the capture cross section up to 620 keV for 206Pb are determined with higher accuracy. This

will result in an improved MAC.

1.1.3 Neutron induced reactions on 206Pb

Nuclear reaction models are used to predict cross section data in regions were no

experimental data are available. For ADS applications in particular, model predicted cross

sections are required, since one needs data up to 150 MeV. The systematics on nuclear data

are important to adjust nuclear model parameters. For example, the scattering radius and

neutron strength function for s-wave neutrons are of particular importance to adjust the

optical model potentials. To predict capture cross sections one needs a systematic of the

gamma strength function, resulting from both photonuclear reactions and neutron induced

reactions. Therefore, the determination of a consistent set of resonance parameters together
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with the thermal neutron capture cross section is required. For a system such as 206Pb + n,

which is one neutron away from the double magic configuration N =126 and Z = 82, it is also

important to study the statistical behaviour of the resonance parameters.

1.2 Present status of the neutron capture data for 206Pb and 209Bi

The experimental neutron cross section data for 206Pb and 209Bi are rather scarce. In the

resolved resonance region, the experiments were primarily performed in support of neutron

reaction formalism, such as doorway states in closed shell regions, and of astrophysics

applications. The total and partial cross section measurements were not performed in support

of a specific programme related to the nuclear fuel cycle.

The understanding of doorway states only requires energy dependent neutron strength

functions, which can be obtained from transmission and elastic scattering data. For

astrophysical applications mainly the capture resonance area in a limited energy region is

required. Therefore, the measurements were never tailored to define in an unambiguous way

the resonance parameters covering the whole energy range. In addition all the experimental

data have been analysed with a simple resolution function (Gaussian shape without any tailing

contribution). Ideally, the resonance parameters should be determined from a simultaneous

analysis of capture, transmission and neutron scattering data.

The most recent transmission and capture measurement on 206Pb are from Mizumoto et al.

[MIZ79] and Horen et al. [HOR79,HOR81]. The results cover the region between 3 keV and

50 keV [MIZ79], between 25 keV and 600 keV [HOR79] and between 600 keV and 900 keV

[HOR81].

Capture measurements were performed at ORELA by Mizumoto et al. [MIZ79] and Allen et

al. [ALL73b]. However, the measuring conditions indicate the necessity of a new

measurement for the correct determination of resonance parameters. The measurement

reported in [MIZ79] and [ALL73b] were performed with C6F6 detectors, with a doubtful

correction for the neutron sensitivity of the capture detectors, using weighting functions

without accounting for the gamma transport in the sample and performed in a 90� geometry.

These measuring conditions may introduce systematic effects in the data, as indicated in

[BOR04c].

All data for the thermal neutron capture cross section of 206Pb(n,g) originate from

measurements with a natural lead sample or a radiogenic sample, containing 24.1% and
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88.2% of 206Pb respectively. There is only one direct measurement of the thermal capture

cross section of 206Pb based on the detection of prompt gamma rays [BLA02]. The result of

this measurement is in good agreement with the pile oscillator measurement data of Aitken et

al. [AIT52]. However, the resulting cross section deviates by 15 % from the value obtained by

[JUR63], which was partly based on the detection of prompt gamma rays.

Also the cross section of the 209Bi(n,g)210mBi and 209Bi(n,g)210gBi reactions require a

verification. The available experimental data are not sufficiently accurate and are not

consistent with each other. The branching ratio of the reactions reported in [LET02], are in

disagreement with the value reported in the evaluated data files.

1.3 Structure of this work

In Chapter 2 the basic reaction theory underlying this work is described. The neutron induced

reaction mechanism and formalism are explained. The parameterisation of the cross section in

terms of R-matrix theory is discussed and we put particular emphasis on the statistical

behaviour of the resonance parameters and the impact of the angular distribution of gamma

rays following neutron capture. The relation between experimental observables and the

resonance parameters is discussed together with general comments related to resonance shape

analysis.

Chapter 3 is focused on the determination of resonance parameters for 206Pb. We performed

high-resolution transmission and capture measurements at the Time-Of-Flight (TOF) facility

GELINA of the IRMM at Geel (B) and determined the resonance parameters. For nuclei like
206Pb, where the total width is dominated by Gn, the capture area allows to determine G � .
Transmission measurements were carried out to determine Gn and the statistical factor g of

resonances. Before performing a Resonance Shape Analysis (RSA) on the transmission and

capture data, we verified the neutron flux and resolution at GELINA. We also compared the

characteristics of GELINA with those of the n-TOF facility at CERN. A special emphasis is

placed on the total energy detection technique using C6D6 detectors. This technique was

applied for the determination of the capture cross section. To reduce systematic bias effects on

the capture cross section, the response of the detectors was determined by Monte Carlo

simulations, which has been validated by experiments. Using these response functions the

partial capture cross sections for individual resonances of 206Pb have been deduced, by

unfolding the response of the C6D6 detector. The analysis of the capture data allows the

determination of the capture area of the resonances.



20

In Chapter 4 we determine the thermal capture cross section for 206Pb(n,g) and 209Bi(n,g) from

measurements at the cold neutron beam of the Budapest Neutron Centre. The thermal cross

sections for neutron capture to the ground state 210gBi(n,g) and to the isomeric state 210mBi(n,g)
have also been measured. These values complement the resonance parameters and produce a

consistent description of the total and capture cross section at thermal energy and in the

resolved resonance region.

Chapter 5 contains the discussion of the results of this work. The statistical properties of the
206Pb resonance parameters are described. The consistency of the resonance parameters and

the thermal neutron capture cross section for 206Pb and 209Bi is discussed. The resulting MAC

for 206Pb is given and the impact on the termination of the s-process is described. Finally,

general conclusions are presented.
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2 NEUTRON INDUCED REACTIONS

2.1 Reaction mechanisms

The interaction of neutrons with nuclei is a topic of great interest and importance in many

areas: fundamental nuclear physics, reactor design and safety considerations, nuclear

astrophysics, material science, archaeology and medical applications. For all these

applications cross sections for particular reactions must be known or estimated, often

accurately. Because nuclear theory has not developed to the stage where cross sections can be

calculated from basic principles, the cross sections must be obtained from measured data;

nevertheless measured data are not directly useful as such. What is more useful is the

parameterisation of the experimental data in terms of reaction theory.

To establish a reliable database of reaction cross sections, measured cross section data are

parameterised by theoretical reaction models. The parameterisation of the cross sections by

means of nuclear reaction theory [FRÖ00, FRÖ80]:

- ensures consistency between partial and total cross sections;

- ensures consistency between cross section data in different energy regions;

- permits inter- and extrapolation into energy regions for which no or insufficient

experimental data exist;

- allows the estimation of cross sections for nuclides not directly accessible to experiments;

- permits the calculation of Doppler broadened reaction cross sections and self-shielding

factors and

- accounts for the instrumental resolution

At relatively low energies neutron induced reaction cross sections are characterised by

resonance structures. The resonances are well separated and the mean distance between them

(the level distance D) is large compared to their natural line width G and the instrumental

resolution DR. With increasing energy the level distance decreases and the total natural line

width increases. Although at intermediate energies the resonance structure still exists (D > G),

the resonance structure can no longer be resolved due to the limited instrumental resolution.

Therefore, in the region where D > G, one distinguishes between the resolved resonance

region (RRR), for which D > DR, and the unresolved resonance region (URR), for which D <

DR. At higher energies the level distance is smaller than the line width (D < G) and the

resonance structure disappears. This energy region is called the continuum region.
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Different processes are needed to describe the probability that a neutron interacts with a

nucleus. The statistical model describes resonances with relatively small widths and

correspondingly long lifetimes, whereas non-resonant interactions are accounted for by a

short-lived direct process. The lifetime for semi-direct capture lies somewhere between these

two limits. In the statistical model, the incoming neutron interacts with a nucleus, forms a

compound system, and successively decays, usually via neutron emission or gamma decay, or

fission in some heavy nuclei. In direct reactions, the neutron interacts with the nucleus as a

whole. The two types of reactions differ in the time of interaction, which is of the order of

10-22 s for direct reactions, corresponding to the transit time of the neutron through the

nucleus, while in the case of compound nucleus reactions the reaction time is orders of

magnitude longer. The semi-direct mechanism was introduced in the MeV energy range to

account for the absorption in the giant dipole resonances (GDR). Direct and semi-direct

reactions play a dominant role at neutron energies higher than about 1 MeV. The GDR

dominates the gamma-ray strength function at MeV neutron energies and contributes

significantly at excitation energies as low as 5-7 MeV.

The compound nucleus reactions can be described in the frame of Bohr’s theory, which is

known as the extreme statistical model. It is assumed that the incident neutron, with a kinetic

energy En, interacts with the nucleus to form an excited state in which the incident particle

plays no special role. In this first stage of the reaction, the system of the incident neutron and

the target nucleus X with mass number A may form a so-called compound nucleus with mass

A + 1. Many of the target nucleons participate collectively and the total excitation energy is

shared between a large number of nucleons. Due to the binding energy of the neutron, Bn, this

compound nucleus is in a highly excited state with energy E*:

cm,nn
* EBE += 2.1,

where En,cm represents the neutron kinetic energy in the centre of mass system.

The compound nucleus has several modes of decay, or channels, at its disposal. For example,

there is the elastic scattering reaction in which the neutron is re-emitted and the nucleus

returns to its ground state. If the energy in the centre-of-mass system exceeds the energy of

the first excited state in the target, inelastic scattering becomes available. In the case of

inelastic scattering the neutron is emitted with lower energy, leaving the target in an excited

state.
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Figure 2.1 A representation of the 207Pb level scheme [KAD00]. For representation purposes
the 206Pb ground state level has been positioned to the neutron binding energy in 207Pb.
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The compound system can also decay through the emission of often a large number of g-rays

to its ground state:

g+��+ ++ XXnX 1A
Z

*1A
Z

A
Z 2.2

The gamma rays following immediately the capturing state are called primary gamma rays,

while the gamma rays of the further decay are called secondary. In Bohr’s assumption the

decay mode of the compound nucleus is independent of the way it has been formed. The

different decay modes or reaction channels for 206Pb+n are illustrated in Fig. 2.1.

Cross sections for neutron induced reactions on 206Pb below about 1 MeV are characterised by

resonances. These resonances correspond to excited levels of the compound nucleus, which

are quasi-bound states with a relatively long lifetime. The lifetime tr is correlated to the total

width of the resonance Gr as given by Heisenberg’s uncertainty principle:

h tG rr 2.3

The total width of the level is the sum of all partial widths Grc corresponding to the decay of

the compound nucleus. According to Bohr’s compound nucleus theory, the probability of

decaying through the c channel is given by:

r

rc
CN

Bohr
c G

Gs=s 2.4

where sCN represents the probability to form the compound nucleus.

In the resonance region both the statistical mechanism of neutron capture and other

components of non-statistical nature are present. In general, the neutron capture process can

be divided in a resonant and a non-resonant interaction. The resonance capture reaction can be

described as series of two-body interactions [FES67], beginning with the entrance channel

one-particle-zero-hole state (i.e. 1p-0h with respect to the target nucleus), exciting so-called

doorway states (2p-1h or collective modes) and through a succession of more complex p-h

interactions, leading ultimately to a statistical equilibrium involving many nucleons and

forming the compound nucleus. The valence capture process corresponds to the direct capture

of the neutron into a specific shell configuration and the valence neutron undergoes a

radiative transition without perturbing the core. This process is also indicated as a 1p–0h

interaction. Radiative decay can also occur from the doorway components of a resonance,

either by particle–hole annihilation or by a particle transition in the presence of an excited

core. Potential scattering can be considered as a non-resonant direct reaction.
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2.2 Representation of cross sections by resonance parameters

In the resolved and unresolved resonance region the experimental data can be parameterised

in terms of resonance parameters. An individual resonance is characterised by the resonance

energy (E0), the total natural line width (G), the partial reaction widths (e.g. the neutron width

Gn, the capture width G � ), the total angular momentum of the level and the orbital momentum

of the incoming neutron. These parameters can be extracted from experimental data using

Resonance Shape Analysis (RSA) codes, such as REFIT [MOX91] and SAMMY [LAR03],

which are based on the multi-level R-matrix reaction theory [LAN58, LAN60]. In the

unresolved resonance region the parameterisation is based on statistical models [FRÖ00],

implemented in e.g. FITACS [FRÖ92] and HARFOR [KOY01]. Both theories rely on input

parameters (i.e. level densities and strength functions) resulting from a statistical analysis of

the resolved resonance parameters. Both the resonance parameters from the RRR and the

URR are important input parameters for the description of the cross section in the high energy

region using optical models [MOL80b]. In the following section we give the basic concepts of

the R-matrix theory and its different approximations.

2.2.1 R-Matrix formalism

For all binary reactions, the cross section can be described by the R-matrix theory [LAN58,

LYN68]. The R-matrix theory can also be applied to cross section data in the resonance

region [FRÖ00]. Our notation will be that of Lane and Thomas [LAN58]. We recall that in

nuclear reaction theory one talks about reaction channels.

A channel is specified by the set of quantum numbers that defines it uniquely. Beside the

partition of the compound system into the reaction products (a), we need the total angular

momentum J, the orbital angular momentum l and the channel spin s. Total energy, total

angular momentum and parity (for all practical purposes) are conserved in nuclear reactions.

Considering neutron induced reactions, the total angular momentum of the resonance J
v

 is

given by the vector sum of the target spin I
v

, the neutron spin s
v , and the neutron orbital

angular momentum l
v

:

sIJ
v

l
vvv ++= 2.5

The resonance parity p is given by the product of the parity of the target nucleus pI and the

factor (-1)
�
:
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( ) I1 p-=p l 2.6

The so-called statistical spin factor gJ defines the probability of getting the total angular

momentum J from the intrinsic spins of the target nucleus I and of the incident neutron:

( )1I22
1J2

g J +
+= 2.7

gJ is the ratio of the number of substates for the compound system, with 2J+1 substates, and

the number of substates of the initial system consisting of a free neutron, with 2 substates, and

the target nucleus, with 2I+1 substates. For 206Pb as target we list in Table 2.1 the possible J
	

values together with the corresponding statistical factor for s-, p- and d-wave incoming

neutrons.

I
	

l s J
	

gJ wave
206Pb 0+ 0 1/2 1/2+ 1 s

1 1/2 1/2-, 3/2- 1,2 p

2 1/2 3/2+, 5/2+ 2,3 d

Table 2.1 The possible values of J


 and of the statistical factor gJ for 206Pb+n.

The principle of the R-matrix formalism consists of assuming both incident particles as well

as emerging reaction products as ingoing and an outgoing wave functions. Since the nuclear

forces are short-ranged, the configuration space is divided into an external and an internal

region separated by an imaginary closed surface of radius ac. A reasonable choice [MUG84]

for ac is the so-called channel radius defined as:

3/1
c )1A(35.1a +@  (fm) 2.8

where A stands for the number of nucleons in the target nucleus. In the external region the

nuclear forces are negligible, so that the wave function governing the dynamics of the free

particles may be known analytically. On the contrary, in the internal region the nuclear forces

predominate. The neutron and the nucleus are merged together to form a system of A+1

nucleons in which the interaction increases the complexity of the wave function of the nuclear

system. Although the internal wave function is unknown, the internal domain may be treated

in terms of the collision matrix Ucc’ .

For a given ingoing wave in channel c, leading to an outgoing wave in channel c’  the partial

neutron cross section ’ccs  may be expressed as:
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2
’cc’ccJ

2
’cc Ug -dp=s D 2.9

with

J
’s’’,s’cc UU ����=  and ’ss’’’cc ddd=d aa ll 2.10

where |Ucc’|2 is the probability of a transition from channel c to channel c’, and dcc’ occurs

because the ingoing and the outgoing particles cannot be distinguished if c = c’. The elastic

cross section is then expressed as follows:

2

J s,
ccJ

2 U1gÊ Ê -p=saa
l

D 2.11

The expression of the reaction cross section (a�a’) quadratically depends on the Ucc’:

2

J s, ’s,’
’ccJ

2
’ UgÊ ÊÊp=saa

l l

D 2.12

By contrast, the total cross section is a linear function of Ucc:

( )( )Ê Ê -p=sa
J s,

ccJ
2 URe1g2

l

D 2.13

These equations are quite general for the cross section of binary reactions. The R-matrix

theory allows to express the collision matrix U in terms of the matrix R as follows [FRÖ00]:

( ) ( ) ãâ
á

ÓÒ
Ñ ßà

ÞÏÐ
Î -+d= -j+j- 2/1

’c
’cc

1o2/1
c’cc

i
’cc PRRL1iP2eU ’cc 2.14

Ê -
gg=

r r

’rcrc
’cc EE

R 2.15

( ) ’ccccc
o

’cc BiPSL d-+= 2.16

where

- Rcc’  is the R-matrix element

- jc is the hard-sphere potential scattering phase shift,

- Sc is called shift factor and is the real part of the logarithmic derivative of the outgoing

wave function at the channel radius ac,

- Pc is the penetration factor and is the imaginary part of the logarithmic derivative of the

outgoing wave function at the channel radius ac. For neutron induced reactions this

penetration factor is defined by the centrifugal-barrier penetrability,
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- Bc are boundary conditions at the channel radius ac.

To calculate the collision matrix U several matrix inversions have to be performed (Eq. 2.14).

From a computational point of view this is not trivial. Therefore, some approximations have

been introduced, such as the Reich-Moore formalism and the Single Level Breit-Wigner

formula. These formalisms will be discussed in section 2.2.2 and 2.2.3.

The eigenvalues of the problem can be identified with the energy Er and with the reduced

width amplitudes grc and grc’ of the resonance r. The probability amplitude for the formation of

the compound state via the entrance channel c is denoted by grc, and grc’ is the probability

amplitude for the decay of the compound state via the exit channel c’. The eigenvalues of the

nuclear system are determined by the boundary conditions taken at the surface of the hard

sphere of radius ac. According to R-matrix theory, grc and grc’ are real, independent, and have

random signs and magnitudes.

These eigenvalues can only be obtained from experimental cross section data. Therefore, the

cross section formulae are usually written in terms of experimental observables, such as the

partial width Grc, rather than decay amplitudes. The partial width is related to the square of the

amplitude via the penetration factor Pc:

c
2
rcrc P2g=G 2.17

The basic resonance parameters Er and the partial widths Grc depend on the nuclear

interaction. In typical applications of the R-matrix theory, they just serve as fit parameters

adjustable to experimental data. The practically important variants of the R-matrix formalism

are the Reich-Moore approximation [REI58] and the Single Level Breit-Wigner formalism

(SLBW) [BRE36]. Different versions of the R-matrix theory are based on different choices of

the boundary conditions on Bc.

For neutron induced reactions (c = n), a good assumption is Bc = -l [FRÖ00]. The hard-

sphere phase jn, the shift factor Sn and the penetration factor Pn for s-, p- and d-waves can be

expressed as indicated in Table 2.2. The term r = kac stands for a function of the channel

radius ac and of the wave number defined as:

hD

Em21
k n== 2.18
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Table 2.2 The hard-sphere phase jn, the shift factor Sn and the penetration factor Pn as a
function of r for s-, p- and d-wave neutrons.

Fig. 2.2 shows an example of the behaviour of Pn for l = 0, 1, and 2. It follows that s-wave

levels dominate at lower energies, while p- and d-waves play a significant role at higher

energies.
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Figure 2.2 The penetration factor Pn as a function of neutron energy for s-, p- and d-wave
neutrons in 206Pb.

2.2.2 Reich-Moore approximation

The Reich-Moore approximation neglects the off-diagonal contribution of photon channels

(c=g). This approximation is valid when there are many channels, which have a decay
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amplitude with comparable magnitude and random sign. Therefore, their contribution to the

sum over the channels (c ³ g) tends to cancel for c�c’  [POR56]:

Ê
� g³

@gg
’cc

’c,c
’rcrc 0 2.19

It can be shown [REI58] that the collision matrix becomes a function of a reduced R-matrix:

Ê gG--
gg=

r rr

’rcrc
’cc 2/iEE

R  (c,c' ´g) 2.20

It is a reduced matrix in the sense that Rcc’ is only defined over the non-photonic channels.

The photon channel is explicitly taken into account through the total radiation width Gr � :

Êg³g G=G
c

rcr 2.21

The R-matrix dimension for fissile target nuclei is usually a 3 x 3 matrix (1 elastic and 2

fission channels). For non-fissile nuclei, the only energetically allowed processes are elastic

scattering (c = n) and radiative capture (c = g) for which the one-channel Reich-Moore

expression suffices. Consequently, the reduced R-matrix merely is an R-function expressed as

follows:

Ê gG--
g=

r rr

2
rn

nn 2/iEE
R 2.22

From this reduced R-matrix, we get a reduced collision matrix given by:

nnn

nnni2
nn Rika1

Rika1
eU n -

+= j- 2.23

The elastic (sn) and total (stot) cross sections are obtained from Eq. 2.11 and 2.13. The

capture cross section (s� ) is obtained by the difference:

ntot s-s=sg 2.24

2.2.3 Single Level Breit Wigner approximation

Before the R-matrix theory was introduced the Single-Level-Breit-Wigner (SLBW) formulas

were used to parameterise cross section data in the resonance region. The SLBW may be seen

as an approximation of the R-matrix formalism, by considering only one level. For isolated

resonances, which are not affected by multi-level interference, accurate results can be

obtained.
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According to the R-matrix formalism, the single level collision matrix for s-wave neutrons

may be defined as follows [FRÖ00]:

( ) ÜÜÝ
Û

ÌÌÍ
Ë

G--
G-G+d= -

2/EE

i
eU

rr

’rcrc
’cc

’ikR2
’cc 2.25

Where Ê G=G
c

rcr represents the total width. The resulting total and partial cross section are

expressed as follows:

( )
( )
( )2r

2
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2

r
2
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EE4

EEg
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EE4
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( )2r
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EE4

g
4 -+G

GGp=s D 2.27

The total cross section is a sum of three terms: (1) the constant potential scattering cross

section, (2) a symmetric resonance term, and (3) an asymmetric term arising from interference

between hard-sphere potential and resonance scattering.

If we suppose that only elastic scattering (c=n) and capture (c’ =g) may occur, Eq. 2.26 and

Eq. 2.27 become,

( )
( )
( )2r
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2
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r
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EE4
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EE4
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2
r
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EE4

g
4 -+G

GGp=s gg D 2.29

The reduced neutron wavelength D  and the scattering width Grn are a function of the energy

E.

The reduced neutron wavelength D  is:

E
E r2

r
2

DD = 2.30

while the energy dependence of Grn can be expressed as:

ic
irnrn E

E
ka
P

)E()E( llG=G 2.31

where Ei is a reference energy.

In the literature Ei= 1 eV has been adopted and Eq. 2.31 is written as
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eV1
E

ka
P

)E(
c

rnrn
llG=G 2.32,

expressing E in eV. l
rnG  is then called reduced neutron width.

For s-wave (l=0) resonances,

eV1
E0

rnrn G=G 2.33

This energy dependence, together with Eq. 2.29, explains the 1/v behaviour on the low energy

side of s-wave resonances (Fig 2.3). The contribution from s-wave resonances to the capture

cross section at thermal neutron energy, expressed in barn, is approximately given by the

following equation:
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Figure 2.3 Example of the capture cross section shape due to an s- and p-wave resonance.

By setting E=Er in Eq. 2.28 and 2.29 the total and partial peak cross section can be deduced:

r
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r

2
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g
4’Rg4)EE( G

Gp+p==s D 2.35
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Or, expressing the cross section in barns and Er in eV,
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All the energies are expressed in the centre of mass system.

2.2.4 Doppler broadening

The natural shape of a resonance does not correspond with the cross section that is observed

in an experiment. In practice, the target nuclei are not at rest but have a distribution of

velocities characteristic of the sample material and its temperature. The thermal motion of the

atoms in the target gives rise to a Doppler broadening. This effect can be approximated by a

supplementary Gaussian broadening of the Breit-Wigner shape of the resonance. The Doppler

FWHM, DD, of the Gaussian distribution at a resonance energy E0 is given by:

A
ETk4 0effB

D =D 2.39

where Teff is the effective temperature of the target, kB is the Boltzmann constant and A is the

mass number of the target nucleus. The effective temperature is given by:

ÜÝ
ÛÌÍ

Ë qq=
T8

3
coth

8
3

Teff 2.40

where q is the Debye Temperature, characterising an approximate lattice phonon spectrum,

and T is the sample temperature. To arrive at this expression the nuclear motion in the target

is represented by the Maxwell distribution of motion in a gas. The Doppler broadening is

often more important than the natural line width of a resonance. For high precision cross

section measurements it can therefore be advantageous to cool the target sample, so that Teff

approaches q
8
3

.

2.3 Statistical behaviour of the resonance parameters

The essential idea of the compound nucleus is that the energy of the incident particle is shared

amongst the other nucleons in a time that is short compared to the lifetime of the compound
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state. According to Bohr’ s assumption the decay of the compound nucleus is independent of

the way it has been formed. In this way the decay depends only on the energy, spin and parity

of the compound state and no correlation exists between the partial widths, e.g. neutron and

radiation width in case of neutron radiative capture. The compound nucleus is extremely

complex and the density of levels is much higher at the capture energy compared to the

density in the region just above the ground state. Due to extreme configuration mixing, the

nuclear system at the neutron threshold has a statistical behaviour. The basic assumption is

that the compound nucleus states are so complex that the values of the nuclear matrix

elements have a Gaussian distribution with zero mean.

The distribution of the spacing D of compound nucleus levels of the same spin and parity has

been explained by Wigner, who derived the so-called Wigner distribution of level spacings

assuming a random matrix ensemble [WIG57a]:

DdDe
D2

dD
D
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p 2
D

D2
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><
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ÛÌÍ
Ë

>< 2.41

where D is the level spacing and <D> is the mean level spacing. Eq. 2.41 expresses the “level

repulsion” effects, which predicts a zero probability of finding levels with zero spacing.

The neutron widths fluctuate strongly among resonances with the same total angular

momentum and parity. The theoretical framework for the study of the distribution of reaction

widths of compound nucleus states has been provided by Porter and Thomas [POR56]. The

distribution of the reduced neutron widths Gn
�
 normalized to their average values <Gn

�
> for

one single channel is given by the so-called Porter-Thomas distribution:

dx
x2

e
dx)x(P

2/x

p= -
, with >G<

G=
l

l

n

nx 2.42

which is a chi-squared distribution with one degree of freedom. This distribution is valid for

the widths of any compound reaction with a single exit channel, i.e. for the reduced neutron

width Gn
�
 as well as for the partial radiative widths G � if from an initial state i to a final state f

in which case we have x = G � if / <G � if >.

Because of the Porter-Thomas fluctuations to which all statistical gamma rays are subject, the

high-energy primary gamma-ray spectrum in radiative neutron capture varies from resonance

to resonance. When several exit channels contribute to the process, the total width is the sum

of the relevant partial widths, and the distribution for the corresponding reduced total width
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can be derived from the Porter-Thomas distribution if the partial widths are uncorrelated and

have equal mean averaged over many states. Under these conditions the distribution of the

total radiation width G � , which is the sum of all the partial radiation widths, will follow a chi-

squared distribution:

dxex
2)2/(

2/
dx)x(P

x
2

1
2

n--n
ÜÝ
ÛÌÍ

Ë n
nG
n= , with >G<

G=
g
gx 2.43

with n the number of degrees of freedom, representing the number of exit channels or

different radiative cascades. In this expression G(n/2) represents the gamma function. The

mean value of this distribution is 1 and the variance is 2/n. To find the frequency function

which best fits the data it is necessary to determine the number of degrees of freedom. For the

chi-squared distribution the most likely value of n is given by:

)2/ln()2/(xlnxln
n
1 n

1i
i n-ny=-Ê= 2.44

where y(x) is the logarithmic derivative of the gamma function G(x).

For most of the compound nucleus reactions, the experimentally determined reduced neutron

widths are in very good agreement with the Porter-Thomas distribution (n = 1). From an

analysis of an extensive set of experimental data, Bollinger et al. [BOL63] confirmed the

Porter–Thomas distribution for the partial radiation widths of compound nucleus reactions.

Some of the experimental data have led to n values differing from one. This can mostly be

ascribed to a lack of sufficient resonance data, since the primary problem in such an analysis

is that the data are usually too fragmentary for large-sample statistical theory. For many

nuclei the total radiation width of resonances with given spin and parity correspond with a

large number of degrees of freedom n. Therefore, the distribution of the total radiation width

approaches a Gaussian.

It was already mentioned that one of the reasons for parameterisation of resolved resonance

cross section data is the need to determine level-statistical parameters such as mean level

spacings, average widths and strength functions. These average parameters permit

extrapolation to the URR and to the high-energy region. An important parameter is the

neutron strength function, which is a dimensionless quantity related to the average reduced
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neutron width. The neutron strength functions for a given orbital angular momentum l are

defined by the relation:

l

l

l
l D

g
12

1
S n >G<

+= 2.45

where D �  is the average level spacing of resonances with orbital angular momentum l and g is

the statistical weight factor. This expression reduces to:

Ê= G+D= N

1i
niig

)12(E
1

S l
l

l
2.46

when N resonances in the energy interval DE are considered. The neutron strength function is

directly related to the average compound nucleus cross section. In the extreme application of

the statistical model, the neutron strength function is energy independent and constant for all

nuclei. However, nuclear shell structure effects become apparent when the observed strength

functions are plotted as function of the mass number. These structures can be well reproduced

by optical model calculations [MUG81].

Various expressions have been defined for the gamma strength function. The different

expressions were mostly used to test a particular theoretical model. This has led to a certain

degree of confusion and difficulty in using values from one formalism to test predictions of

another model. An overview of the different formalisms is given by Lone [LON78] and Allen

[ALL84]. The gamma-ray strength function (downwards) for multipole type XL, which is

universally accepted in nuclear reaction theory and cross section calculations, is defined as the

average reduced partial radiation width per unit energy interval [KOP90]:

1L2
XL

XL
E

)E(

D
1

)E(f +g
gg

>G<= 2.47

where <GXL>  is the partial radiation width in eV for a primary transition from an excited state

to a lower level state, D is the average level spacing in eV and E �  is the transition energy in

MeV. This function is an important ingredient for theoretical nuclear reaction calculations of

capture cross sections and gamma-ray production spectra. High energy primary transitions

with energies ranging from 5 to 7 MeV are mainly of dipole character: E1 and M1 transitions

are observed in most cases, while higher multipole transitions are much weaker. Another

interesting property of high-energy transitions is that, at least for nuclei with A > 100, of the
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two dipole transitions the E1 are stronger than the M1 by almost one order of magnitude. For

the neutron capture in 107Ag, Zanini et al. [ZAN03] reported the value:

17)MeV7E(
f
f

1M

1E �= g 2.48

Several theoretical ideas have been proposed to explain the experimentally observed radiation

widths [LON78, ALL84]. The simplest model for the strength function, the single particle

model, results in energy independent strength functions. However, a large amount of

information shows that in case of the predominant E1 radiation the single-particle model

overestimates the experimental data by far. Accurate measurements of the primary E1

radiation from neutron resonances indicate that the giant dipole resonance (GDR) model

describes the experimental data much better than the single particle model [KOP87]. Another

hypothesis, which was first proposed by Brink and later applied by Axel [AXE62], is that

giant resonances built on the ground state are similar in shape and size to those built on any

excited state. Therefore, the form for the photoabsorption cross section is equally valid

whether applied to the ground state or any excited state. A consequence of Brink’ s hypothesis

is that the photon strength function depends only on the energy of the transition, while it is not

dependent on the excitation energy, and one can assume that radiative width for gamma decay

is related to the photon absorption cross section s(g,n) as:

>s<p= g+gg )E(
g

1

E

1
)E(f a21L2XL

D

2.49

where g is the statistical weight factor for the (g,n) reaction and D  is the photon wavelength.

Simple semi-classical models predict a Lorentzian shape for the photoabsorption cross section

that is dominated by a giant resonance. Applying these ideas, the general expression for the

gamma strength function becomes:

2
R

222
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2
RR

XL
E)EE(

EC)E(f G+-
Gs=

gggg 2.50

where E �  is the gamma-ray energy and ER, sR and GR are the giant resonance parameters

which are mostly derived from photoabsorption experiments. C is a proportionality constant,

which for E1 transitions is 8.68�10-8 mb-1MeV-2. In Eq. 2.50 the gamma energy E � , the

resonance energy, and spreading width are expressed in MeV and the peak cross sD section in

mb. The simple Lorentzian shape of the absorption cross section proves to be inadequate at

energies close to the neutron binding energies. Various empirical prescriptions have been
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proposed to correct for insufficiencies of the shape of the E1 absorption cross section. A

comprehensive compilation of functional forms for the GDR can be found in the review of

Allen et al. [ALL82] and Kopecky and Uhl [KOP90]. The uncertainties in the

parameterisation of the E1 absorption cross section affect the ability to calculate capture cross

sections and gamma-ray spectra. As a consequence, such calculations often use relative

strength functions of a given shape and apply some normalization based on experimental data.

A popular approach is to normalize the M1, E2, …, strength relative to the predominant E1

contribution and to find the absolute value of the latter by reproducing the experimental fE1

strength function observed for s-wave resonances.

Recommended average resonance parameters can be found in a database “Reference Input

Parameter Library” or RIPL, which is produced by and made available from the IAEA. This

data base has been especially developed to test and improve nuclear model parameters for

theoretical calculations of nuclear reaction cross sections at incident energies below 100 MeV

and is of special interest for ADS and Astrophysical applications. The data base reports also

systematics of neutron and gamma strength functions for most of the nuclei. In RIPL we find

the s-wave and p-wave neutron strength function for 206Pb + n and the GDR parameters for

the fE1 strength function. The neutron strength functions are mainly based on the results of

transmission measurements performed by Horen et al. [HOR79, HOR81]. The recommended

GDR resonance parameters to calculate the strength function fE1 for the 206Pb(n,g) reaction are

ER=13.56 MeV, sR=481 mb and GR =3.96 MeV [HAR64,RIPL2]. The resulting strength

function is fE1 = 242�10-9 MeV-3.

No average radiation widths for 206Pb(n,g) or experimental gamma strength functions are

reported. From the 207Pb(g,n) photonuclear measurements of Baglan et al. [BAG71a] we

calculate a strength function fE1 = 410�10-9 MeV-3. Medsker and Jackson [MED74] reported

E1 and M1 strength functions resulting from 207Pb(g,n) photonuclear reaction measurements.

Their values fE1 = 77�10-9 MeV-3 and fM1 > 250�10-9 MeV-3, together with the ratio fE1/f M1  
0.3, do not follow the systematics observed for nuclei with A > 100, which predicts fE1  
120�10-9 MeV-3. [MED74] attributed the strong enhancement (by about a factor 10) of the M1

radiation strength function to a giant M1 resonance centered at an excitation energy of about

7.5 MeV and explained the low fE1 value to an overestimation of the systematics for heavy

nuclei. Horen et al. [HOR79] reanalysed the data of Medsker and Jackson [MED74] using the

spin assignment resulting from their angular differential scattering data. They obtained an M1
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radiative strength in 207Pb which is less than 40 % of the strength designated by Medsker and

Jackson [MED74]. Mizumoto et al. [MIZ79] reported M1 strength functions, based on (n,g)
measurements with a Ge(Li)-detector, which are enhanced by about a factor two to three

compared to the general systematics, which predicts fM1   20�10-9 MeV-3 for 206Pb(n,g). The

disagreement between the quoted values indicate that additional measurements are necessary

to determine the fE1 and fM1 strength functions.

2.4 Non-statistical effects

The compound nucleus mechanism is prevailing for the neutron capture process up to incident

neutron energies of several MeV. Non-statistical effects, such as doorway states, direct and

valence capture, have been observed in thermal and resonance neutron capture for several

nuclei [RAM81]. Doorway states are observed for nuclei with large reduced neutron widths

[MUG72]. Valence capture may even dominate in those nuclides whose low lying states are

characterised by large single particle components and whose neutron resonance states have

large reduced widths [MUG78].

In the statistical model the partial radiation width amplitudes are totally random and normally

distributed. No correlations between the widths occur. Therefore, one of the most generally

applied tests for non-statistical effects is the search for a correlation between:

- the reduced partial radiation width for E1 transitions and the spectroscopic factor of the

final state,

- the reduced neutron width and the partial radiation width, and

- the partial radiation widths of neighbouring resonances.

The study of these correlations might be hampered by the limited statistical size of the

sample, e.g. limited number of final states or resonances [MUG78]. A confirmation of non-

statistical effects can also be based on more quantitative arguments, i.e. a comparison between

theoretical predictions and experimental data [MUG79].

2.4.1 Direct capture reactions

Already in 1956, it was realised that gamma-ray spectra resulting from the capture of thermal

neutrons exhibited regularities, such as a correlation between the (n,g) intensities of the E1

and the (d,p) spectroscopic factors [GRO56]. As mentioned above, such correlations are not

expected within the statistical reaction theory of the decay of highly excited states. It was

recognised that a capture mechanism, in which the incoming neutron is scattered directly into
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a final bound state without forming a nuclear compound state, might take place for nuclei

where the final state is dominated by a strong single-particle configuration. For low neutron

energies, s-wave neutrons dominate and the direct capture process involves the transition of a

single neutron orbiting in an s-state (l = 0) in the overall potential field of the target nucleus

to a bound p-wave (l = 1) orbit [RAM87], as demonstrated in Fig. 2.4.

Figure 2.4 Schematic representation of the direct capture mechanism.

The basic theory of this mechanism has been developed by Lane and Lynn [LAN60a,b]. The

radiative capture cross section due to the capture of an s-wave neutron with energy En by a

target with spin I to a final p-orbit (i.e. electric dipole transition) with spin Jf and

spectroscopic factor Sdp, deduced from (d,p) reactions, can be written in the form [LAN60a,b,

MUG81]:
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where the hard-sphere cross section is given by:
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The total direct capture cross section, is then determined by the sum over the contributions

due to the electric dipole transitions leading to the different final states:

Ê gg s=s
f

f )direct()D( 2.54

In these calculations the interaction radius R is equal to 1.35A1/3 and as is the coherent

scattering length for channel spin s. The variable m, which can be 1 or 2, accounts for the

multiplicity due to the incident neutron channel spin for I > 0. For I = 0, this factor is 1. A first

quantitative verification of the channel-capture formula, developed by Lane and Lynn

[LAN60], was realised by Mughabghab for the 136Xe(n,g) reaction. A more elaborated version

of this model has been successfully implemented and extended by including higher partial

waves (p- and d- waves), by Mengoni et al. [MEN95] and Kikuchi et al. [KIK98].

206Pb + n

207Pb

3302.8

6738+En

2624.1

569.7

897.9

�
2

1

�
2

5

�
2

3

�
2

5

�
2

1

1633.4 �2
13

2339.9 �
2

7

2662.5 �2
7

2727.9 �2
9

3175.8 2
9

3181.7 2
1

2
3,

3202.7 2
5

3218.5 2
7

3225.7 �2
11

0.01

0.12

0.07

0.02

0.02

0.03

0.97

Sdp           E / keV

0.60 0.0

Figure 2.5 The level scheme for 207Pb. Sdp represent the spectroscopic factor of the level as
deduced from (d,p) reactions.
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In Fig. 2.5, we show the low lying level scheme of 207Pb, taken from Kadi et al. [KAD00],

together with the spectroscopic factors (Sdp) of the ground state and the seven first excited

states obtained by Moyer et al. [MOY70]. For the 206Pb(n,g) reaction, the capture of s-wave

neutrons can be followed by E1 gamma-ray transition directly to the 207Pb ground state or to

the 3/2- second excited state at 898 keV. The results of thermal capture cross section

measurements [SHU56, HUN83, BLA02] reveal that the gamma spectrum for 206Pb(n,g) is for

more than 99% dominated by the transition to the ground state. Since the spectroscopic factor

for the ground state (Sdp = 0.60) is almost a factor 10 higher than the one for the 898 keV state

(Sdp = 0.069), these results suggest that for 206Pb(n,g) the thermal capture reaction could be

dominated by a direct process. Due to the limited number of final states we need a more

quantitative confirmation. Applying the model described in [MEN95], Mengoni calculated the

contribution of the direct capture cross section for 206Pb(n,g) [MEN04], which resulted to be

14.0 mb. As it will be shown in Chapter 4, this result is important to verify the consistency

between the resonance parameters and the neutron capture cross section at thermal energy.

2.4.2 Doorway states

The presence of a doorway state can be identified from the behaviour of the neutron strength

as a function of the neutron energy. In Bohr’ s model the reduced neutron strength function is

constant as a function of neutron energy. In the presence of a single doorway state the reduced

neutron strength function has a resonance structure centered around energy Ed, and can be

expressed as:
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The total width of the doorway state Gd is the sum of the escape width Gd

�
 and the spreading

with Gd

�
:

�� G+G=G ddd 2.56

The former expresses the width for the decay to the entrance channel, while the latter

accounts for the decay of the doorway-state into more complex configurations. The mixing of

the doorway state with background states which leads to spreading of the strength has been

discussed extensively by Feshbach et al. [FES67]. From Eq. 2.55 we can conclude that the

neutron strength function is enhanced in the vicinity of the energy of a doorway state.
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Studies of the 206,207,208Pb + n reactions have shown the presence of an intermediate structure

in the neutron strength function. For 208Pb only one s-wave resonance at 500 keV with a

neutron width Gn = 58 keV has been observed below 1 MeV [FOW62]. Farrell et al. [FAR65]

reported for the first time a doorway state for 206Pb + n. A cluster of s-wave levels around 450

keV was also observed for 207Pb + n by Seibel et al. [SEI72] and was interpreted as a doorway

state which is correlated with the doorway state observed for 206Pb + n. This common

doorway state was confirmed by Horen et al. [HOR78, HOR79] from the results of high

resolution transmission and angular differential elastic scattering measurements on 206Pb and
207Pb and by Köhler et al. [KÖH87] from neutron transmission, scattering and capture

measurements on 207Pb. Measurements on 204Pb show a constant reduced neutron strength

function [HOR84] with no evidence of a doorway state.
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Figure 2.6 The cumulative sum of the s-wave reduced neutron widths versus the neutron
energy for 204,206,207,208Pb. The available data for 204Pb are limited to 100 keV.

In Fig. 2.6 we plot the cumulative sum of the reduced neutron width multiplied by the

statistical factor for s-wave neutrons as a function of the incoming neutron energy for
206,207,208Pb + n. The results for 204Pb + n are represented by the full line. The single resonance

for 208Pb + n appears to break up into a number of levels for 206Pb + n and 207Pb + n. The sum

of the reduced neutron widths for 206Pb and 207Pb, integrated over the whole 500 keV cluster,

is very close to the width of the 500 keV resonance for 208Pb. Therefore, all three nuclei show

a doorway state with the same escape width Gd

�
. Fig. 2.6 shows that the spreading width Gd

�
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increases as one moves farther away from the doubly closed core nucleus 208Pb. Although for
204Pb + n the data are limited to 100 keV, the resulting neutron strength function for 204Pb + n

the doorway state is completely mixed with the background states and is no longer

observable. This is due to an increase of the fragmentation and results in a proportionality

between the spreading width and the level density [HOR84].

Beres and Divadeenam [DIV70] showed that the s-wave doorway state for 206,207,208Pb + n

could be described in terms of a particle-vibration weak-coupling model involving the 208Pb

core (i.e. the ng9/2 neutron single particle state coupled to the 4+ vibrational state, 4+ © ng9/2).

They arrived at a good quantitative agreement between the theoretical estimate and the

experimentally observed energy and escape width of the doorway state for 206,207,208Pb + n and

showed that also the s-wave resonances for 209Bi + n are related to the same intrinsic doorway

[DIV72, DIV73]. Using a quasiparticle-phonon nuclear model Soloviev et al. [SOL83]

obtained neutron strength functions for 206Pb + n and 208Pb + n that are in very good

agreement with the experimental data.

Baglan et al. [BAG71a,b] studied the photonuclear reaction 207Pb(g,n) to investigate whether

the doorway for 206Pb + n is also prominent in the photon channel. From a concentration of

the strength in a relatively small energy interval and a correlation between the neutron and the

radiation width they concluded that a common doorway exists in both channels [BAG71a]. To

study this common doorway state, 206Pb(n, g) capture measurements were performed by Allen

at al. [ALL73a] and 207Pb(g,n) photonuclear reactions by Medsker and Jackson [MED74].

Both authors did not find any evidence for the s-wave doorway state in the ground-state

photon channel. Allen et al. [ALL73a] and Mesker and Jackson [MED74] supposed that a

major portion of the radiative strength attributed by Baglan et al. [BAG71a] to s-wave

resonances in reality results from the intense background of much narrower resonances with l

� 1. The level densities for the 207Pb compound system reported by Horen et al. [HOR79]

indicate that the energy resolution of Baglan et al. [BAG71b] was not good enough to study

the presence of a doorway state in the photon channel correlated with the s-wave neutron

doorway state.

2.5 Angular distribution of the gamma radiation

For s-wave resonances (l=0) the angular distribution of the gamma rays following neutron

capture is isotropic. For resonances with l � 1 the gamma radiation may have an anisotropic
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angular distribution due to the orbital angular momentum l � 0, producing a preferred

direction of the spins of the compound nucleus. In the case of l � 1 resonances the angular

distribution W(q) of the primary gamma-ray transition can be written as [FER65]:

( )Ê= q=q n

0k
k2k2 cosPA)(W 2.57

where q is the angle of emission with respect to the neutron beam and where P2k denotes the

Legendre polynomial or order 2k. The maximum order of the angular distribution coefficients

a2k is restricted by the maximum value of the compound state spin J, the angular momentum

of the neutron l and the multipolarity of the gamma transition L. For instance, for a

quadrupole transition the maximum order is four. For p-wave resonances only the second

order can occur, if J > 2
1 .

For I = 0 target nuclei, like 206Pb, the s-wave resonances g-rays are isotropically emitted. This

is also valid for the J = 2
1  p-wave resonances, in contrast to the J = 2

3  p-wave resonances,

which may show an anisotropic distribution. The largest difference in radiation intensity is

found for 0o and 90o angles. Also secondary gamma-ray transitions may show an angular

distribution, however the effect is often much smaller.

Therefore, for nuclei where the g-cascade is made up of very few transitions, like 206Pb,

angular distribution effects may introduce a systematic bias in the determination of the

capture cross section, as already pointed out by Mutti [MUT97]. When the gamma rays are

detected at an angle q = 125o with respect to the direction of the incoming neutron beam the

effect is largely reduced since under these conditions the P2 term becomes zero.

2.6 Determination of resonance parameters from experimental data

For a non-fissile nucleus the cross sections can be parameterised by the resonance parameters,

namely: the potential scattering radius, the resonance energy, the neutron and radiation width,

and the spin and parity of the resonance. The spin determines the statistical factor of the

resonance. To determine the resonance parameters different types of experiments can be

performed: transmission measurements, elastic scattering measurements, and capture

measurements [FRÖ66]. To extract the resonance parameters from the experimental data it is

very important to understand the relation between the experimental observables and the
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resonance parameters and to identify a combination of complementary measurements that

should be performed to determine the resonance parameters.

2.6.1 Area analysis

The simplest method to extract resonance parameters from measured data is area analysis

[HUG55, LYN56]. For a well-isolated resonance we can define areas which can be related to

the experimental observables. These areas for transmission, capture and elastic scattering

measurements are, respectively [FRÖ66]:

× s--= dE)e1(A totn
tot 2.58

× s
s-= gs-g dE)e1(A

tot

n tot 2.59

× s
s-= s- dE)e1(A

tot

nn
n

tot 2.60

where stot, s� , and sn are the total, capture and neutron elastic scattering cross section,

respectively. The sample thickness for the transmission, capture and elastic scattering

measurements is denoted by n. The thickness is expressed in atoms per barn (at/b) and is

given by the following relation.

AV24
N

10SA

m
n ��= 2.61

where m is the mass in g, A is the atomic weight, S is the sample area in cm2 and NAV is the

Avogadro number. The advantage of expressing the thickness in at/b is that the neutron

interaction probability in the sample is given by the product of the neutron cross section and

the thickness. To solve the integrals we neglect the Doppler broadening effect and consider

only the resonant part of the SLBW formalism for the parameterisation of the total and partial

cross sections. From now on, for sake of clarity, the index “r” on the partial and total width

and the index “J” on the statistical spin factor are not reported in the text and equations. The

peak cross section and energy of the resonance are represented by s0 and E0, respectively.

Under these conditions, the following asymptotic relations in the limit of a very thin or very

thick sample apply [FRÖ66]:

( ) n
22

0tot gn2n
2
1

thinA Gp=Gsp= D 2.62

( ) GGp=Gsp= n0tot ng2nthickA D 2.63
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( ) G
GGp=Gsp= ggg n22

0 gn2n
2
1

thinA D 2.64

( ) G
GGp=Gsp= nn22

n0n gn2n
2
1

thinA D 2.65

where D  is the reduced neutron wavelength at the resonance energy and s0 is the peak total

cross section of the resonance as defined in Eq. 2.37 without the potential scattering term.

It is clear from Eq. 2.62 and Eq. 2.63 that thick and thin sample transmission measurements

yield values of G and gGn and always provide complementary data. When Gn >> G �  the neutron

width will dominate the total width, such that Gn   G, and g and Gn can be determined from a

combination of thin and thick transmission measurements. Alternatively, in the limit G �  >> G n

the radiation will dominate the total width, such that G �    G, and the radiation G �  width

together width the product gGn is determined.

Area (Resonant Part)
)g,,,E( n0 gGG gG<<Gn nG<<Gg

Atot (thin) n
22 ng2 Gp D nngG  nngG 

Atot (thick) GGp n
2 ng2 D GG  nng nngG 

An G
GGp nn22 ng2 D G

GG  nnng nngG 

A� G
GGp gn22 ng2 D nngG  gG  ng

Table 2.3 The resonance area as a function of the resonance parameters for different neutron
cross section measurements.

In principle, either Eq. 2.64 or 2.65 together with Eq. 2.62 and Eq. 2.63 will yield g, Gn, G �
and G. In practice, if Gn << G � , Eq. 2.64 reduces to Eq. 2.62 and a scattering measurement is

necessary to achieve a solution. If, on the other hand G �  << Gn, A �  is proportional to G � ,
making the capture measurement the important factor. We can conclude that the reaction

cross section data, resulting from elastic scattering or capture measurements, can only provide

complementary information to the transmission measurement data when the reaction width

does not dominate the total width. The results are summarised in Table 2.3.
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Figure 2.7 The method of area analysis for the 5.2 eV resonance in 109Ag for two value of the
statistical factor g=¼ (left) and g=¾ (right) [RAE57].

In Fig. 2.7, taken from Rae et al. [RAE57], we illustrate the method of area analysis to

determine the parameters for the 5.2 eV resonance in 109Ag. Using the relationships of Eq.

2.62-2.65, two sets of curves are constructed from the experimental data. The two sets

correspond to the two possible values for the statistical factor g. For the correct choice of the

statistical factor the curves should intersect in a common point. In this example g = ¾ is

clearly the more likely value. A least-squares analysis provides the preferred value of g, and

values of Gn and G � . Fröhner et al. [FRÖ66] have compared the relative sensitivity of

transmission, capture, and scattering measurements. The theoretical curves for the three types

of measurements are shown in Fig. 2.8. The calculations are performed for different Gn/G �
ratios. The results for both the correct (g=¾) and incorrect spin assignments (g=¼) are

compared. These curves serve as a guide to the experimentalist for determining which

particular set of resonance measurements will be required to determine in the most efficient

way all the resonance parameters. From the curves in Fig. 2.8 together with the relations in

Table 2.3, we can conclude that:

- complementary data sets should be combined to determine a complete set of resonance

parameters,
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- thick transmission measurements are always complementary with thin transmission or thin

partial reaction measurements, and

- when the reaction width dominates the total natural line width the corresponding reaction

measurements are not complementary to the transmission measurements.
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Figure 2.8 The method of area analysis for Gn/G #  =10 (top), 1 (middle) and 0.1 (bottom) and
g=¼ (left) and g=¾ (right).

Together with these conclusions we should add that very weak resonances can only be

determined by capture measurements and angular differential scattering data can be used to

determine the spin of the resonance.

2.6.2 Resonance Shape Analysis

In practice, several difficulties arise in applying the area analysis method. To obtain the

experimental observables related to the areas defined in Eq. 2.62-2.65 one must still correct

for the Doppler broadening, which affects the self shielding term, for the resolution of the

spectrometer in case of overlapping resonances and multiple scattering corrections for the

partial cross section measurements. Procedures to correct for these effects have been applied

in the past [HUG55,LYN58]. However, nowadays one prefers to include these effects by
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performing a full Resonance Shape Analysis (RSA) of the data. In case the resolution

function of the spectrometer is well known, resonance shape analysis is superior to area

analysis. Applying resonance shape analysis we can also determine the scattering radius from

the interference effect between the resonance term and the potential scattering for s-wave

resonances (Eq. 2.28) and account for multiple resonance interference. In general, resonance

shape analysis is more convenient and utilises all the information contained in the data.

In ideal conditions, without any additional broadening due to the experimental resolution or

Doppler effect, one could determine from one set of experimental data (e.g. the total cross

section) the resonance energy, the natural line width and the peak cross section. Knowing the

spin of the resonance (or the spin factor) one could deduce from one data set all the resonance

parameters. From an ideal total cross section measurement we would be able to deduce the

total natural line width and the peak cross section. These two parameters together with the

spin factor define unambiguously the neutron width and capture width. However, in most

cases additional broadening effects in the experimental data do not allow an accurate

determination of the total line width. For the determination of the complete set of resonance

parameters additional complementary data are required according to the basic principles of

area analysis summarised in Table 2.3 and Fig. 2.8.

In practice, using the R-function expressed in Eq. 2.22 the experimental data can not be

completely described. The R-matrix theory shows that the cross sections in a limited energy

range depend not only on the internal levels in that range, but also on the external levels

outside. Typically, problems arise in resonance analysis whenever compound levels below the

neutron threshold (E<0) happen to be omitted. Although these external levels are

unobservable and therefore unknown, they must be introduced in the R-matrix formalism. A

convenient approximation consists of accounting for the effect of such distant levels by the

tails of broad resonances having negative energies [FRÖ00,FRÖ01]. The parameters of the

negative resonances are adjusted in order to reproduce both the energy differential total and

partial cross section data and the cross section data at thermal energy (Fig. 2.3). To include

the contribution of the external levels, the reduced R-function may be split into a sum over the

external (ext) and internal (int) levels:

ÊÊ = g= g
�

G--
g+G--

g+= extint j

1j jj

2
jn

i

1i ii

2
in

nnn 2/iEE2/iEE
RR 2.66
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The first term in Eq. 2.66 is the so-called distant level parameter. In practice, one defines the

effective potential scattering length R’  for s-wave channels [FOD71]:

( )�-= nn R1a’R 2.67

This radius R’  is connected to the potential scattering cross section and the scattering cross

section at low energies is reduced to the potential scattering cross section:

2
p ’R4p=s 2.68

In R-matrix shape analysis programs, R’  is determined from the interference between the

resonance part and the potential scattering for s-wave resonances.

2.6.3 Determination of 206Pb resonance parameters with RSA codes

To deduce resonance parameters from experimental data Resonance Shape Analysis (RSA)

codes, such as REFIT [MOX91] or SAMMY [LAR03], can be used. Both codes are based on

the Reich-Moore approximation of the multi-level R-matrix formalism. These codes account

for the Doppler broadening and the self-shielding and multiple scattering effect for partial

cross section measurements. The theoretical partial reaction yields and transmission factors

are folded with the experimental resolution. The resonance parameters together with

experimental data parameters (e.g. normalization, background level, effective temperature,

target thickness and homogeneity) can be determined by a least squares fit of the experimental

data. The REFIT code is based on the familiar least-square method, whereas SAMMY is

based on the so-called generalised least-square fitting procedure.

The REFIT code allows a simultaneous analysis of different data sets, while SAMMY carries

out a sequential fit on the different data sets, applying the Bayes’  Theorem. Another important

difference is that in the SAMMY code the experimental data have to be expressed as a

function of the neutron energy, while the REFIT code performs the fit in the time-of-flight

domain. In the REFIT code the total effective flight path length, which corresponds with the

measured time-of-flight (see section 3.1.1), also accounts for transport of the neutron within

the neutron source and the detector or sample in case of transmission and partial reaction

measurements, respectively. The resulting effective flight path length depends on the neutron

energy and is related to the resolution of the spectrometer, which will be discussed in more

detail in section 3.1.2. Therefore, the energy of the resonance is better defined in REFIT as

compared to the SAMMY code, which requires the conversion of the time-of-flight into

energy prior to the resonance shape analysis. One could use the REFIT code to prepare the



52

data input file for SAMMY. Another important feature of the REFIT code is related to the

correction for the neutron sensitivity of the detector for capture measurements. This correction

will be discussed in more detail in section 3.3.5. Due to the possibility of a simultaneous

analysis; the better treatment of the neutron sensitivity of the capture detectors; the good

description of the resolution of the spectrometer and the treatment of the experimental data in

the time-of-flight domain we preferred the use of the REFIT code for the RSA of the data.

Mizumoto et al. [MIZ79] supposed that for the exit channels in the 206Pb(n,g) reaction only a

few different gamma transitions are observed. Therefore, one could question the validity of

the Reich-Moore approximation to analyse the 206Pb transmission and capture data. We

verified the approximation for a few resonances by supposing that the total radiation width

was the sum of three partial widths. The resulting neutron and total radiation width were in

complete agreement with the ones obtained by applying the Reich-Moore approximation.
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3 DETERMINATION OF NEUTRON RESONANCE
PARAMETERS FOR 206Pb

The main objective of this work is to improve the knowledge of the 206Pb resonance

parameters in order to better understand the mechanism of the 206Pb + n reaction, which is an

important reaction for the development of ADS and to investigate the termination of the s-

process of the stellar nucleosynthesis. In Table 3.1 we summarise the cross section

measurements which were performed in the resolved resonance region for 206Pb. The resolved

resonance parameters in the evaluated data files are primarily based on the transmission and

differential scattering measurements of Horen et al. [HOR79,81], the transmission and capture

measurements of Mizumoto et al. [MIZ79] and Allen et al. [ALL73b].

Ref Year Measurements FPL Detectors Energy range Facility

[HOR79,81] 1979 Transmission 200 m NE110 25-900 keV ORELA
Scattering 200 m NE110 ORELA

[MIZ79] 1978 Transmission 78 m Li-glass 3-50 keV ORELA
Capture 40 m C6F6 ,Ge ORELA

[ALL73b] 1973 Capture 40 m C6F6 3-200 keV ORELA

Table 3.1 An overview of measurements reported in the literature on 206Pb in the resolved
resonance region. FPL stands for Flight Path Length.

High resolution transmission and differential scattering measurements in the energy region

between 25 and 900 keV were performed by Horen et al. [HOR79,81] and transmission

measurements below 50 keV by Mizumoto et al. [MIZ79]. From these measurements

resonance parameters of interest were deduced, i.e. the resonance energy and neutron width,

and the spin and parity of the resonances. The measurements were performed on radiogenic

samples 88.38 % enriched in 206Pb.

To verify the resonance parameters for 206Pb we performed new transmission and capture

measurements at the GELINA facility using isotopically pure 206Pb samples. In the ideal

condition of an extremely good resolution, the resonance energy, radiation and neutron width

can be obtained from capture measurements without transmission data or vice versa. Such

measurements should be performed at a long flight path and require extremely long

measurement times. Since for 206Pb the neutron width is in general larger than the capture

width, the transmission and capture measurements are complementary to determine both the

neutron and radiation width from measurements at a shorter flight path. To choose the flight

path length, the compromise between the beam intensity and time resolution is determined by
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a comparison of the resolution with the level spacing. In Fig. 3.1 we compare, for a 60 m and

26 m flight path, the experimental resolution with the total natural line width, taken from

ENDF/B-VI [ENDFB], and broadening due to the Doppler effect. For the p-wave resonances,

which dominate the total and capture cross section of 206Pb, the level spacing D1 is

approximately 5 keV. Fig. 3.1 illustrates that the resolution at 60 m is sufficient to resolve

most of the p-wave resonances up to 620 keV. The energy where the first inelastic channel

opens, is at 800 keV.
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Figure 3.1 A comparison of the natural line width (GT) with the broadening due to the
experimental resolution (DR) and the Doppler effect (DD) for flight path lengths of 60 m (left)
and 26 m (right). D0, D1 and D2 denote the average level spacing [MUG84] for s-, p-, and d-
wave resonances, respectively.

With the available amount of 206Pb (41.3868 g, corresponding to a thickness of 3.000�10-2

at/b for a sample of 4 cm2) only the most intense resonances up to 80 keV can be determined

in transmission.

The repetition of the capture measurements is justified by the following reasons:

- measurements with a better energy resolution can be performed at the GELINA facility. A

burst width of 1 ns and a fight path length of 58 m represent an improvement if compared

to the burst width of 5 ns and the flight path length of 40 m used in [MIZ79],

- the use of C6D6-based gamma detectors, which have a lower neutron sensitivity then the

C6F6 detectors used in Refs. [MIZ79,ALL73b],
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- the use of a different geometrical setup to minimise systematic errors due to the

anisotropy of the emitted capture g-rays and

- the use of a new technique in the determination of the so-called weighting function, which

is applied in the data reduction procedure (see Section 3.3.3). This new technique reduces

systematic bias effects. The weighting function used for the ORELA C6F6 detectors was

found to be incorrect since it assigned too much weight to the high-energy part of the

gamma spectrum [SOW88]. The normalization, which was based on the 4.9 eV saturated

resonance of 197Au, may also have introduced a systematic bias effect.

In addition, for both capture and transmission measurements, we used 206Pb samples with an

isotopic enrichment of 99.82%, a fact which practically eliminates the influence of any other

lead isotope.

In the following sections we will give a general overview about high resolution cross section

measurements at GELINA. Then, we will focus on the transmission and capture

measurements that have been performed for the determination of the resonance parameters of
206Pb.

3.1 High resolution cross section measurements at GELINA

3.1.1 The Time-Of-Flight facility GELINA

In the resolved resonance region, which is the energy domain where the nuclear level spacing

is larger than the natural level widths, a very good resolution in neutron energy is needed to

resolve the resonance structure of the cross section. Such high-resolution measurements can

only be performed at pulsed white neutron beams using accelerators, combined with the

Time-Of-Flight (TOF) technique [BÖC90]. The GEel LINear Accelerator (GELINA) of the

IRMM provides a pulsed white neutron spectrum with an extremely good time resolution. A

similar facility is available in Oak Ridge, i.e. the Oak RidgE Linear Accelerator (ORELA)

[BÖC90]. Alternatively to photo-neutron sources, such as GELINA and ORELA, spallation

sources using very high energy proton accelerators may be used (e.g. the n-TOF facility

installed at the synchrotron of CERN [RUB98]).

GELINA is a multi-user Time-Of-Flight (TOF) facility [SAL86], providing a pulsed white

neutron source, with a neutron energy range between 1 meV and 20 MeV. Intense pulsed

electron beams, at repetition rates up to 800 Hz and with peak currents up to 12 A in a 10 ns

time interval, are accelerated to a maximum energy of 150 MeV in a linear electron
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accelerator. The electron bunches are compressed to a duration of less than 1 ns (and,

accordingly, peak currents of up to 120 A) by a specially designed post-acceleration

compression magnet [TRO85]. These high-energy electrons generate Bremsstrahlung g-rays

in a uranium target, where neutrons are mainly produced by (g,n) and (g,f) reactions [SAL81].

The fast neutrons so obtained are subsequently moderated by two water-filled beryllium

containers placed above and below the uranium target (Fig. 3.2). Water is indeed a good

neutron moderator due to the small mass number and the very large neutron scattering cross

section of hydrogen. The resulting neutron spectrum spans from MeV energies down to the

thermal peak. Using suitable collimators, either the direct (fast) neutron spectrum with very

good time resolution may be used, or the moderated (slow) neutron spectrum at reduced time

resolution. The neutron flux at a certain distance L from the neutron target is proportional to

(1/L)2. The total neutron output is continuously monitored by several BF3 proportional

counters placed at different positions around the target hall. These monitors measure the

energy-integrated neutron flux. Their output is used to monitor the stability of the accelerator

and to normalize the spectra to the same total neutron intensity.

NEUTRON
MODERATOR

ELECTRON
BEAMLINE EXIT

NEUTRON
TARGET

NEUTRON
FLIGHT PATHS

Figure 3.2 The disk shaped uranium rotary target with moderators above and below. The
electron beam is entering from the right.

In Fig. 3.3 we compare the moderated neutron spectrum with the direct neutron spectrum for

a 10 m long flight path with the accelerator operated at 800 Hz. The experimental data result

from measurements with ionisation chambers based on the 10B(n,a) and 235U(n,f) reactions.

These measurements are discussed in more detail in section 3.3.1. The experimental spectra

are also compared with the results from Monte Carlo simulations performed by Flaska et al.

[FLA04]. Without any adjustment, the simulations not only reproduce the shape of the
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moderated and direct spectrum but they also predict within 10% the total neutron emission

rate.
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Figure 3.3 The neutron spectra at 10 m distance from the uranium target with and without
moderators, with the accelerator operating at 800 Hz.  The experimental data are compared
with the results of Monte Carlo simulations reported by Flaska et al. [FLA04].

In Fig. 3.4 we compare the average neutron flux at a 30 m station with the one obtained at the

n-TOF facility of CERN, where the measurement station is at about 180 m from the neutron

production target. Although the instantaneous neutron intensity at n-TOF is much higher, the

average neutron flux at a 30 m station of GELINA is higher compared to the one at n-TOF.

This is due to the relatively high operating frequency at GELINA, which is 800 Hz, compared

to 0.25 Hz at CERN. At long flight paths the high operating frequency limits the application

in the low energy domain due to the influence of so-called “ overlap neutrons” . These are

neutrons of a previous burst reaching the detector when the next burst is already produced. To

eliminate the influence of slow neutrons from a previous accelerator cycle, anti-overlap filters

are used. The GELINA data in Fig. 3.4 concerns the effective neutron flux at 30 m taking into

account the attenuation due to the 10B anti-overlap filter. At a 30 m flight path the overlap

energy for a 800 Hz operating frequency is about 3 eV. We compare the neutron flux of n-

TOF with the GELINA conditions at 30 m, since at a 30 m distance measurements at

GELINA have a resolution which is comparable with the one of n-TOF [COC02].
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Figure 3.4 The neutron flux at a 30 m measurement station with GELINA operating at 800 Hz
compared with the flux obtained at the 180 m station the n-TOF facility at CERN [SCH03].
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Figure 3.5 The neutron moderated spectrum spectra at a 10m distance from the uranium
target, with the accelerator operating at 800 Hz.  The experimental data are compared with
the analytical expression based on Eq. 3.1 and 3.2.
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The distribution of the moderated neutron flux at GELINA can be represented by a

Maxwellian distribution with a peak energy of about 50 meV, plus a tail of partially

moderated neutrons. Above a few eV the partially moderated neutron flux , F(En), can be

described by:

)E(
nn

nEK)E(
(=j 3.1

with En the neutron energy. The exponent a(En) is a function of the energy and can be

expressed as:

( ) n2n10n EaEaaE ++=a 3.2

The constant K depends on the flight path length, the operating power and frequency of the

accelerator. The exponent a(En) depend on the moderation material and dimensions. The

result of a fit through the experimental data points is shown in Fig. 3.5. The corresponding

parameters are listed in Table 3.2.

Coefficient
a0 -8.87 x10-1

a1 3.27 x10-4 eV-1/2

a2 -2.94 x10-7 eV-1

K 385.05 n cm-2s-1eV-1

Table 3.2 The coefficients used to describe the energy differential neutron flux at GELINA
using Eq. 3.1 and 3.2.

To perform high-resolution cross section measurements an accurate knowledge of the neutron

energy is essential. At GELINA, the determination of the neutron energy is based on the

Time-of-Flight (TOF) method. The neutron time-of-flight along a flight path defines the

neutron velocity and, accordingly, the neutron energy En, which in the non-relativistic case is:
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with mn the neutron mass, L the distance travelled by the neutron, and Tn the time of flight.

The corresponding energy resolution of the spectrometer,
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depends on the time resolution DTn and on the uncertainty on the effective distance travelled

by the neutron DL. The very short pulse duration of less than 1 ns in combination with the

very long flight paths of up to 400 m results in the extremely high energy resolution of the

GELINA TOF facility. Since the neutron fluence rate is proportional to (1/L)2, one should

always try to find a compromise between resolution and neutron intensity, depending on the

application. Since measurements can be performed simultaneously at 12 flight paths (ranging

from 8 to 400 m), GELINA offers the flexibility to choose the flight path length according to

the required resolution and neutron intensity.

3.1.2 The energy resolution at GELINA

The determination of nuclear resonance parameters from a Resonance Shape Analysis (RSA)

of TOF-data, requires an accurate description of the resolution of the spectrometer [COA83,

SOW88]. Several phenomena affect this resolution. One can distinguish between components

related to uncertainties on the time-of-flight and on the flight path length [MOX91, COC96a,

BRU02b]. The time dependent component is mainly determined by the finite duration of the

electron burst, the time jitter related to the detector response, and the finite time bin width of

the electronics and data acquisition system. The component depending on the effective flight

path length results from the neutron transport between the uranium target and the detector or

the sample (for partial cross section measurements). Therefore, the final resolution strongly

depends on quantities such as the dimensions of the uranium target and the water moderator,

the angle between the flight path and the normal to the moderator, and the finite size of the

neutron detector or the sample.

Response functions can be obtained from analytical expressions, based on the neutron physics

properties of the spectrometer, or by Monte Carlo simulations. The first description of the

resolution of GELINA was based on the analytical expressions of Moxon [MOX91]. Coceva

and Magnani developed an ad-hoc Monte Carlo code to investigate the resolution of GELINA

[COC96a]. In Fig. 3.6 we compare the results of the analytical expressions with the results of

the Coceva simulations. Recently, similar simulations have been performed by Flaska et al.

[FLA04] using the MCNP 4C2 [BRI00] code. The results of these calculations are in excellent

agreement with the resolution functions proposed by Coceva and Magnani [COC96a], as

shown in Fig. 3.7. The analytical expressions of Moxon are still a very useful tool to

investigate the relative importance of the various components of the resolution.
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Figure 3.6 Comparison of the resolution function of GELINA obtained from analytical
expressions with the results of Monte Carlo simulations performed by Coceva [COC96a] at
two neutron energies.
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Figure 3.7 Comparison of the resolution function obtained by Coceva and Magnani with the
resolution function obtained from Monte Carlo simulations using MCNP.

The resolution of a TOF-spectrometer can be experimentally assessed by a partial cross

section measurement of an isolated resonance using a relatively thin sample. The resonance

should have a total natural line width and Doppler broadening component which are small

compared to the resolving power of the spectrometer. To validate the resolution function of

GELINA we performed 56Fe(n,g) capture measurements at a 60 m flight path station using

C6D6 detectors with a very good time resolution (< 1 ns). The experimental conditions are
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described in section 3.3.1. At a 60 m distance from the neutron target, the observed line width

for the 46.0 keV 56Fe(n,g) resonance is completely dominated by resolution effects (DR = 61.0

eV at FWHM). The natural line width (G = 2.3 eV) and Doppler broadening (DD = 7.9 eV) can

be neglected. In Fig. 3.8 we compare the experimental response for the 46.0 keV resonance,

expressed as a capture yield (Eq. 3.9), with the resolution function determined by Coceva and

Magnani [COC96a]. The good agreement between them confirms the quality of the GELINA

resolution obtained from the simulations. In Fig. 3.9 we compare, for the 34.22 keV

resonance, the capture yield obtained at the 60 m measurement station of GELINA with the

resolution for the n-TOF facility at CERN. The resolution function of n-TOF is described by

the so-called RPI function implemented in the RSA-code SAMMY [LAR03] and is taken

from [DOM02]. Fig. 3.9 reveals that the resolution at a 60 m flight path of GELINA is about

a factor 2 better than the resolution at the 180 m flight path of n-TOF. Moreover, the tail

extending to the low energy side of the resonance is more pronounced in the case of the n-

TOF resolution function, which is therefore strongly asymmetrical. Together with the

comparison of the neutron flux in Fig. 3.4, we confirm the results of a comparative study of

Coceva et al. [COC02]. They conclude that the average neutron flux and resolution at a 30 m

measurement station at GELINA are comparable with the neutron flux and resolution

obtained at the n-TOF facility.
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Figure 3.8 The capture yield for the 46.0 keV resonance of 56Fe: the data obtained at a 60m
flight path of GELINA and the GELINA resolution (dashed line).
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Figure 3.9 The capture yield for the 34.22 keV resonance of 56Fe: data obtained at a 60m
flight path of GELINA [BOR03], the GELINA resolution (full line) [COC96a] and the
resolution for the n-TOF facility at CERN (dashed line) [DOM02].

The resolution of a transmission measurement also strongly depends on the response of the

neutron detector, and is mainly due to the finite size of the detector. This component can be

described either with analytical expressions or by Monte Carlo simulations. In both

approaches, the properties of the detector, i.e. the size, the density, the energy dependent total

and partial reaction cross sections of the components, are taken into account to provide the

effective path length travelled by the neutron before it creates a time signal. The time

dependent component resulting from the time jitter of the detector signal and electronics,

which is about 1 ns in our case, can be represented by a Gaussian. The resolution function, i.e.

the spread in effective distance travelled by the neutron before being detected, of the 1.27 cm

thick Li-glass detector used for the transmission measurements is shown in Fig. 3.10. In this

figure we compare the analytical expression used in REFIT with a Monte Carlo simulation for

a 10 eV neutron. The response can be considered as a sum of two components: a component

due to a single interaction event and a component resulting from multiple scattering events.

From the discussion above it is also clear that the mean effective distance, which is travelled

by the neutron and corresponds to the measured TOF signal, depends on the dimensions of the

moderator and for transmission measurements also on the dimensions of the detector. To

transform the measured TOF into the neutron energy, we have to correct the flight path
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length. These corrections, which can be determined from the resolution function, are energy

dependent.
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Figure 3.10 The resolution function of the transmission detector from MCNP simulation and
analytical expression. Both responses were normalized to the same total area.

For neutron capture measurements, the time signal originates from prompt gamma rays

emitted in the (n,g) reaction. Since the samples are usually thin, the component of the

resolution related to the sample size can be neglected. However, for a correct analysis of

capture spectra, the self-shielding and multiple scattering effects in the sample should be

accounted for. These effects are included in most of the resonance shape analysis codes, such

as REFIT [MOX91] and SAMMY [LAR03].

3.1.3 Basic principles of total and partial cross section measurements

Cross section measurements can be divided into transmission measurements, to determine the

total interaction probability, and partial cross section measurements to determine the

probability for a certain reaction process (e.g. radiative capture cross sections for the

production of gamma rays, fission cross sections for the production of fission products,

scattering cross sections, cross sections for reactions leading to the production of charged

particles, etc.). As discussed in Section 2.6, accurate resonance parameters can only be

obtained from a combination of complementary experimental data. For the design of the

experiments and the analysis of the data in terms of resonance parameters, it is very important

to understand the relation between the observables of each type of experiment and the cross

sections [FRÖ66]. The measurement stations at GELINA have special equipment to perform
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transmission and partial cross section measurements, e.g. capture, charged particle emission,

fission and inelastic scattering [PLO04].

Transmission measurements are the simplest and also the most accurate type of cross section

measurements [FRÖ66, HAR70]. One determines that fraction of the neutron beam that

crosses the sample without any interaction. The experiment involves the determination of the

ratio of the count rates in a neutron detector from a “ sample-in”  (Cin) and a “ sample-out”

(Cout) measurement. This ratio is defined as the transmission factor T and is related to the total

cross section stot by:

totn

out

in e
C
C

T s- = 3.5

with n the thickness of the target. The experimentally determined transmission factor can be

directly related to the total cross section when the incident neutron beam is properly

collimated at the sample position. A proper collimation of the neutron beam ensures that all

neutrons that are detected have crossed the sample and that the target thickness is well

defined. Furthermore, the neutron detector must subtend a small solid angle at the sample

position so that neutrons scattered at the sample are not detected. In the low energy region Li

glass detectors, based on the 6Li(n,a)t reaction, are used. In the high energy region one mostly

prefers plastic scintillators for which the elastic scattering on hydrogen is the most important

reaction. Since in Eq. 3.5 the incoming fluence rate as well as the detector efficiency cancel

out, there is no calibration uncertainty. In addition, corrections for multiple scattering, as

required for capture cross section measurements, are unnecessary. Although fundamentally

straightforward, there are several difficulties associated with measurements of the total

neutron cross section. The background determination is very difficult. Moreover, the

measured transmission is broadened due to the finite resolving power of the neutron

spectrometer and to Doppler broadening.

At GELINA transmission measurements can be performed at a 25 m, 50 m, 200 m and 400 m

flight path using both Li-glass detectors and plastic scintillators. A detailed discussion on

transmission experiments performed at GELINA is given by Brusegan [BRU02a]. The total

cross section measurements on natural iron by Berthold et al. [BER94] at a 400 m flight path

demonstrate the importance of high resolution transmission data for shielding calculations. To

study the Doppler broadening one of the measurement stations at GELINA is equipped with a

cryostat, which is able to cool the samples down to 10 K. The cryostat is mounted on a sample

changer allowing “ in”  and “ out”  measurements.
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Partial cross sections, e.g. capture cross section s+ , are more difficult to measure than total

cross sections [FRÖ66, FRÖ00]. Experimentally one records the emitted particles (or gamma-

rays) resulting from the (n,r) interaction in the sample. The partial reaction yield Yr(E),

defined as the fraction of the neutron beam that undergoes a (n,r) reaction in the sample, can

be expressed as:

tot

rn
r )e1()E(Y tot s

sm-= s- 3.6

with sr the partial reaction cross section [FRÖ66]. The term in brackets accounts for the self-

shielding effect and m for the multiple scattering. The partial reaction yield not only depends

on the partial cross section but also on the total and elastic scattering cross section. Only for

thin samples the partial reaction yield is directly related to the partial cross section:

r
tot

rn
r n)e1()E(Y tot s s

sm-= s-          if nstot<<1 3.7

Equations 3.6 and 3.7 reveal that, unless for very thin samples, a correct analysis of the partial

cross section data requires the knowledge of the total cross section.

The observed count rate Cr is the product of the incoming neutron flux jn, the partial reaction

yield, and the detection efficiency er for the (n,r) event:

)E()E(Y)E()E(C nnnrnrnr je= 3.8

Therefore, the determination of the partial cross section requires an additional measurement of

the neutron flux and a good knowledge of the detection efficiency for the partial reaction

event. Most of the neutron flux measurements at GELINA are performed by ionisation

chambers based on the 10B(n,a)7Li, 235U(n,f) and 238U(n,f) standard reactions [NEA92]. The

energy region of interest determines the reaction best suited for the application. The
10B(n,a)7Li reaction is considered as a standard for neutron measurements from thermal

energy up to 150 keV. For energies between 100 – 1000 keV measurements based on the
235U(n,f) reaction are recommended. For energy regions above 1 MeV, above the fission

threshold for most of the fertile nuclei, the 238U(n,f) reaction is used. Mostly very thin layers

of target material are used in ionisation chambers and thus the thin target approximation can

be applied. The ratio between the response of the partial measurement Cr and the fluence rate

measurement C ,  is used to determine the partial cross section:
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with s ,  the neutron standard reaction cross section and K an energy independent

normalization factor.

At GELINA fission cross section measurements [HEY04] are performed at an 8 m and a 30 m

flight path using Frisch gridded ionisation chambers and surface barrier detectors. These

measurement stations are also used to study (n,p) and (n,a) reactions [WAG03]. Inelastic

scattering reactions are studied at a 100 m measurement station using Ge-detectors [MIH04].

Capture measurement systems are available at a 15 m, 30 m and 60 m flight path. More

details on the principles of capture cross section measurements at GELINA are given below.

3.1.4 Capture measurements techniques

As explained in Section 2.1, in a neutron capture reaction, the compound system decays to its

ground state through the emission of one or several g-rays in cascade. The concept is

illustrated in Fig. 2.1 for the neutron capture reaction on 206Pb. Measurements of the capture

cross section s+  rely on the detection of the prompt gamma rays emitted in the (n,g) reaction.

Reviews on total capture cross section measurements were given by Chrien [CHR78],

Gayther and Thom [GAY82] and by Corvi [COR94]. In these papers, an exhaustive

discussion of the various techniques and the corresponding detectors can be found. In this

work we will briefly describe the techniques that are still in use and we will concentrate

mainly on the technique applied at GELINA, i.e. the use of the total energy detection

principle applying the Pulse Height Weighting Technique (PHWT) using C6D6 detectors.

The ideal detection system for neutron capture cross section measurements in the resonance

region must satisfy the following requirements:

(1) the detection efficiency for a capture event should be independent of the particular g-ray

cascade (i.e. independent of the shape and multiplicity of the gamma spectrum);

(2) the sensitivity to scattered neutrons should be low;

(3) the detector should have a very good time resolution.

Three main groups of neutron capture detectors can be distinguished: high-resolution gamma

ray detectors, total absorption detectors and total energy detectors.
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Using high resolution gamma ray detectors the capture cross section is determined by

measuring all primary gamma rays depopulating the capture state [SAI02] or alternatively

measuring all gamma rays feeding the ground state, as proposed by Coceva [COC94]. Clearly

this technique is applicable only to those nuclei with relatively simple and well known level

scheme so that all capture g-rays are known and can be resolved. The application of these

techniques to determine the thermal capture cross sections for the 206Pb(n,g) and 209Bi(n,g)
reaction is described in Chapter 4. Due to the relatively high Ge(n,g) cross section, Ge-

detectors are sensitive to neutrons. In addition, the time resolution of Ge-detectors is about 10

ns, even using special selection criteria [MIH04]. Therefore, these detectors are not suitable

for capture cross section measurements in the high neutron energy region or for nuclei having

large Gn/G +  ratios, such as structural materials and nuclei near to closed neutron shells, such as
206Pb. However, Ge-detectors are used for resonance spin and parity assignment, based on the

low-level population method and on primary gamma ray intensities [GUN97, ZAN98].

Total absorption detectors rely on the collection of all gamma rays emitted in a capture event.

The ideal detector has a 4p geometry and a 100 % detection efficiency for all gamma rays,

independent of the energy. For the use of these detectors and for the progress made in this

field we refer to the reviews in Ref. [GAY82] and [COR94]. Intensive studies have been

performed using multi-sectional detectors based on inorganic scintillators. The most advanced

detector is the BaF2 “ crystal ball” , made of 42 individual crystals with a truncated pyramidal

shape [WIS90]. This detector has been used at the KfK Karlsruhe to determine capture cross

sections in the unresolved and high energy region. The main drawback of these inorganic

scintillators is their sensitivity to scattered neutrons and therefore they are not appropriate for

capture measurements on 206Pb.

The total energy detection principle is based on the use of a low efficiency detection system

with a gamma ray detection efficiency e +  that is assumed to be proportional to the gamma ray

energy E + :

-- =e kE 3.10

When the g-ray detection efficiency of such a detector is very small (e +  << 1), such that

essentially only one g–ray out of the capture cascade is registered at a time, the efficiency to

detect a capture event can be approximated by:

( ) Êº .. e e--=e
i

i
i

ic 11 3.11
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Under these conditions the detection efficiency for a capture event ec is directly proportional

to the total energy released in the capture event E* (the sum of the neutron binding Sn and

neutron kinetic energy En in the center of mass system):

( )nn
*

i
ic SEkkEEk +== e Ê / 3.12

and independent of the actual cascade path. A combination of Eq. 3.9 and 3.12 results in an

experimental observable Cc’ , which is directly related to the capture yield Yc and independent

of the gamma cascade:

c
nn

c’
c NY

)SE(C
C

C =+
s= j

j
3.13

with N an energy independent normalization factor.

The so-called Moxon-Rae detector achieves the proportionality between the gamma energy

and detection efficiency by a proper design of the detector [MOX63]. In this detector the

capture g-rays eject electrons from a layer of a light element, usually carbon, called converter.

These electrons are then detected by a very thin plastic scintillator. The linear dependence of

the efficiency of the g-energy is determined by the linearity of the convolution between the

electron production cross section and the electron transmission in the converter. However, the

use of this type of detectors has been abandoned due to the non-proportionality below 1 MeV,

the strong influence of the photon transport in the sample on the final response and the low

detection efficiency [COR94]. An alternative is the Pulse Height Weighting Technique

(PHWT) by means of the so-called weighting function (WF). This technique, based on an

original suggestion of Maier-Leibnitz and described in Section 3.3.3, was first applied by

Macklin and Gibbons [MAC67] using C6F6 detectors. Nowadays one prefers the use of less

neutron sensitive C6D6 detectors [COR94, PLA03]. Most of the capture cross sections

determined at GELINA result from measurements with C6D6 detectors.

The parameters determining the normalization factor N in Eq. 3.13 are difficult to be defined

in an absolute way. Therefore, one prefers to deduce the normalization factor from capture

measurements at energies were the capture yield is accurately known. For measurements at a

TOF facility like GELINA, three methods can be applied:

(1) Normalization at thermal neutron energy, for capture reactions for which the thermal

capture cross section is known with high precision [BRU79]. This normally involves a



70

change in the experimental conditions such as moving to a shorter flight path and lower

operating frequency of the accelerator.

(2) Normalization to one or more resonances of the nucleus under investigation. When the

radiation width dominates the total natural line width, one can determine the capture area

from transmission measurements. One needs a resonance with Gn <<  G +  which is strong

enough to be observed in transmission measurements, such as the 1.15 keV resonance of
56Fe [PER85] and the 2.25 keV resonance of 60Ni [COR02]

(3) Normalization applying the so-called saturated resonance method [MAC79]. When the

sample is thick enough to interact with all the incident neutrons at the top of a given

resonance, the normalization factor is defined by:

( )
tottot

n

n
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n

’
c Ne1limNNYlimC tot
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s
sm=s

s-m=  ggs-
��s��s 3.14

For a resonance with a capture width much larger than the neutron width, the

normalization factor is almost independent of the resonance parameters [COR02,

BOR03]. Suitable resonances to apply this method are the 4.9 eV resonance of 197Au and

the 5.2 eV resonance of 109Ag. Due to their very large peak cross sections, these

resonances become saturated for sample thicknesses larger than or equal to 0.1 mm.

Applying, when possible, method (3) to a resonance belonging to the same isotope as the one

under investigation has the advantage that all the experimental conditions remain unchanged

and no auxiliary measurements are required; this is referred to as an internal normalization.

Consequently, systematic uncertainties due to the geometry and in some cases to the

weighting function are largely reduced, as demonstrated by Borella et al. [BOR04b] in the

study of the 232Th(n,g) reaction. By combining thick and thin sample measurement data,

Macklin et al. [MAC82] also reduced the systematic uncertainties on the normalization for the

study of the 1.15 keV resonance of 56Fe. The combination of thin and thick sample

measurements for the 1.15 keV resonance of 56Fe results in a self-calibrated neutron capture

measurement. The capture area obtained by Macklin et al. [MAC82] was in very good

agreement with the standard transmission data. However, when the gamma spectrum of the

normalization resonance differs strongly from the gamma spectrum of the resonances to be

studied, systematic uncertainties result from the use of a weighting function that does not

account for the photon transport in the sample [BRU79]. This will be discussed in more detail

in section 3.3.3.



71

3.2 The 206Pb transmission measurements

3.2.1 Experimental conditions

The transmission measurements were performed at a 26.45 m flight path of GELINA. Here

the angle between the flight path and the normal to the moderator is 9o. A detailed description

of the experimental arrangement for the 206Pb transmission measurements is shown in Fig.

3.11. The moderated neutron beam is collimated by different annular collimators within an

evacuated beam pipe. The 206Pb sample was placed, at 9.1 m distance from the neutron

producing target, in an automatic sample changer, operated by the data acquisition system.

The sample changer was placed behind a 294 mm long collimator, made up of Li-carbonate

plus resin and Cu. The 15 mm aperture of the last Cu collimator resulted in a neutron beam

with a diameter of 15 mm at the sample position. A 10B anti-overlap filter with a thickness of

0.0129 at/b and black resonance filters were placed just before the sample changer. A 115.2

mm thick natural sulphur filter was permanently installed to reduce the influence of the

gamma flash and to continuously monitor the background at 102.71 keV.

Figure 3.11 A detailed description of the experimental arrangement for the 206Pb
transmission measurements at GELINA.

Downstream from the filters and the sample, the neutron beam was further collimated and

finally detected by a Li-glass scintillator (NE 905), enriched to 95 % in 6Li, placed at 26.45 m

from the neutron producing target. In this way the small solid angle subtended by the detector

permits to detect only the neutrons which did not interact with the sample. Small amounts of

cerium (Ce+) are added to act as a scintillation medium. The Li-glass, with a 110 mm

effective diameter and 12.7 mm thickness, was placed in an Al canning and viewed by two
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EMI 9823 KQB PhotoMulTipliers (PMT), placed perpendicularly to the neutron beam axis.

The aluminium canning was covered with a thin teflon foil to reflect the light to the entrance

window of the photomultiplier. The experimental setup are shown in Fig. 3.11. Air-

conditioning was installed at the measurement station to reduce electronic drifts due to

temperature changes and to keep the sample at a constant temperature. The temperature at the

sample position was continuously monitored. The average temperature was then used in the

resonance shape analysis program to calculate the Doppler broadening of the resonances. Two

BF3 proportional counters were used to monitor the neutron output of the accelerator and to

normalize the spectra.

A schematic view of the electronic set-up is shown in Fig. 3.12. The anode pulses of both

PMT’ s are transmitted to a constant fraction discriminator to create fast logic signals for a

coincidence unit. Whenever two pulses are present within a 30 ns coincidence window, a

coincidence pulse is sent to the Fast Time Coder (FTD). This FTD, which was developed at

the IRMM [JON87], determines with a precision of 0.5 ns the TOF of the detected neutron

from the time difference between the start signal, given at each electron burst, and the stop

signal from the coincidence unit. By selecting only coincident pulses a significant

improvement of the signal-to-noise ratio in the TOF-spectrum is obtained [MEI95]. Together

with these time spectra we also recorded the response of the neutron flux monitors installed at

different positions around the target hall to verify the stability of the accelerator and to

normalize the sample-in and sample-out measurements to the same total neutron fluence. The

gamma flash of GELINA was used as a reference for measuring both the actual timing of the

electron burst and the overall time resolution of the detection chain, which was found to be

about 4.5 ns.

We performed transmission measurements with two lead samples enriched to 99.82% in
206Pb. The samples consisted of square plates (20 mm x 20 mm) with a total mass of 22.6626

g and 41.3868 g, corresponding to a thickness of 1.599�10-2 at/b and 3.000�10-2 at/b

respectively. With the available amount of material only the 13 most intense resonances up to

80 keV could be determined in transmission. To determine the transmission area of these

resonances with a statistical uncertainty better than 1%, the measurements lasted 400 h of full

beam time at 800 Hz operating frequency.
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Figure 3.12 Block diagram of the electronics used for the 206Pb transmission experiment.

3.2.2 Data reduction

When the geometrical constraints discussed in section 3.1.3 are fulfilled, the ratio of the TOF

spectra from a sample-in and sample-out measurement, both corrected for dead time and

background, is a direct measure of the total cross section. It is quite difficult to measure both

fluxes simultaneously. Therefore, in a standard transmission experiment the TOF spectra are

measured alternating the sample in and out of the neutron beam, by the use of a sample

changer. To avoid systematic uncertainties due to possible slow variations of the beam profile

or detector efficiency as a function of time, the alternating sequence of measurements is

repeated many times in order to approach an identical incoming average neutron fluence for

the “ in”  and “ out”  cycles. The transmission factor T is then obtained as the ratio of the time-

integrated spectra Cin and Cout, corrected for their background contribution Bin and Bout

respectively:

outout

inin
BC
BC

NT -
-= 3.15

The normalization factor N accounts for differences in integrated intensities of the incident

neutron beam during the “ in”  and “ out”  cycles. For the normalization to the same neutron

fluence the information of the BF3 neutron flux monitors are used. The TOF spectra in Eq.

3.15 are corrected for losses due to the dead time in the detector and the electronics chain. The

dead time is monitored continuously by a registration of the time-interval distribution between

different events. From the time interval spectrum, which is shown in Fig. 3.13, we deduce a

dead time coefficient of td = 1160 (8) ns.
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Figure 3.13 Interval time distribution for the 206Pb transmission measurements.

The background was derived from the saturated resonance dips formed by the so-called

“ black”  resonances of Co, Bi, Na and S filters, absorbing all neutrons at 132 eV, 800 eV, 2.85

keV and 102.7 keV, respectively. To minimise the influence of the filters on the TOF spectra,

the background level for each black resonance was determined from separate measurements

introducing only one filter at a time. The background (B) over the whole time range was

parameterised by a power function including a constant term:

2a
n10n Taa)T(B += 3.16

with a0, a1 and a2 adjustable fit parameters. In Fig. 3.14 this function is shown together with a

foreground spectrum for a sample “ out”  measurement. The signal-to-background ratio was

50:1 at 132 eV, 40:1 at 800 eV 30:1 at 2.85 keV and 20:1 at 102.7 keV. We also determined

the background by placing a Co and Bi black resonance filter, with the same surface

dimensions as the 206Pb transmission sample, at the sample position. Table 3.3 reveals that the

resulting count rate is consistent with the count rate deduced from measurements with the

large filters. This confirms that after background subtraction all neutrons that reach the

detector have passed through the sample.

To derive the transmission factor from the raw TOF spectra we used the data processing

package AGS (Analysis of Geel Spectra) developed at the IRMM by Bastian [BAS97]. This

package includes the most important spectra manipulations, such as: dead time correction,

background fitting and subtraction, normalization and TOF-to-energy conversion. The
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package also includes a full propagation of uncertainties, starting from the uncorrelated

uncertainties due to counting statistics. The final transmission factor, deduced from the raw

TOF spectra, includes a complete covariance matrix accounting for both uncorrelated and

correlated uncertainty components.

Sample Filter Count rate
Bismuth B+S 0.528(6)

None B+S+Bi 0.539(8)

Cobalt B+S 0.165(1)
None B+S+Co 0.171(1)

Table 3.3 The observed count rates obtained using Co and Bi as black resonance filters and
the value obtained using Co and Bi as samples.
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Figure 3.14 Example of foreground spectrum for the 206Pb transmission measurements. The
dip at about 5000 ns is due to the permanent S filter. The dashed line represent the
background contribution.
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3.3 The 206Pb capture measurement

3.3.1 Experimental conditions

The capture measurements were performed at a 60 m flight path. The angle between the flight

path and the normal to the moderator for this flight path is 9o. In Fig. 3.15 a vertical cross

section of the experimental set–up is shown.

Figure 3.15 A detailed description of the experimental arrangement for the 206Pb capture
measurements at GELINA.

The collimating system was mainly composed of Cu- and Pb-collimators. The moderated

neutron beam was collimated to about 75 mm in diameter at the sample position. At about 1

m from the sample a shielding construction, consisting of Boron-oxide and paraffin and a 10

cm thick lead wall, was placed to reduce the background from scattered neutrons. Just outside

the 3 m thick bunker wall, a sample changer for permanent anti-overlap (10B or natCd) and

black resonance filters (Ag, W, Co, Na, Bi and S) is installed. An air-conditioning system was

installed to keep the sample at a constant temperature and to reduce electronic drifts due to

temperature changes. To reduce the contribution of overlap neutrons we used a 0.0416 at/b

thick 10B overlap filter for the main measurements performed at a 800 Hz operating

frequency, and a 0.007 at/b thick Cd filter for the normalization measurements at 100 Hz. To

determine the most important resonance areas for 206Pb(n,g) with a statistical uncertainty

better than 1%, we needed 800 h of beam time with the accelerator operating at 800 Hz

frequency. The sample consisted of a 99.82% pure metallic 206Pb disc of 60 mm diameter and

1.08 mm thickness, corresponding to a thickness of 3.546�10-3 at/b.
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The gamma rays originating from the capture reaction in the sample were detected with four

C6D6-based liquid scintillators (NE230) of 10 cm diameter and 7.5 cm height. The

measurements were carried out using two different geometries with the detectors positioned at

angles of 90o and 125º with respect to the neutron direction. The 125º geometry was used to

minimise anisotropic effects of gamma rays emitted from resonances with a spin J > ½ and

l > 0. Each scintillator was coupled to an EMI9823-KQB PhotoMultiplier (PM) through a

quartz window, which is less neutron-sensitive than the normally used boron loaded glass. For

each detector we used the anode signal from the PM to determine the time arrival of the

neutron and the signal of the 9th dynode to provide information about the energy of the

detected gamma ray. The gamma flash of GELINA was used as a reference for measuring

both the actual timing of the electron burst and the overall time resolution of the detection

chain, which was found to be about 2.5 ns. The block diagram of the electronic components is

shown in Fig. 3.16.

Two BF3 proportional counters were used to monitor the stability of the accelerator and to

normalize the spectra to the same total neutron intensity. The shape of the neutron flux was

measured with a 10B ionisation chamber for neutron energies below 150 keV and a 235U

fission chamber for neutron energies above 100 keV. The 10B chamber is a Frisch gridded

ionisation chamber, with three back-to-back layers of 10B evaporated on a 30 mm thick

aluminium backing, with a total thickness of about 1.25�10-5 at/b 10B and a diameter of

84 mm. The technical details of the 10B chamber are shown in Fig. 3.17. The 235U fission

chamber is a parallel plate chamber with one 100 mm diameter layer of 2.53�10-6 at/b 235U,

which was evaporated on a thin aluminium backing. Both chambers were operated with a

continuous flow of a mixture of Argon (90%) and Methane (10 %) at atmospheric pressure as

detector gas.
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Figure 3.16 Block diagram of the electronics used for the 206Pb capture experiment.
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Figure 3.17 Schematic picture of the 10B ionisation chamber.

The TOF of the neutron was determined by the time difference between the start signal, given

at each electron burst, and the stop signal either from the neutron detector or capture

detectors. This time is measured with the IRMM Fast Time Coder [JON87] with a 0.5 ns

resolution and coded into 25 bits. The TOF and the pulse height of each detected event are

recorded sequentially in list mode using the data acquisition system DAC2000 developed at

the IRMM [GON97a]. To reduce dead time effects, we used separate electronic and data

acquisition systems for the flux and capture measurements.

The list mode recording allows a continuous stability check of the detection systems and an

off-line application of the weighting function. The stability of both the detection systems and

the accelerator operating conditions (i.e. frequency, current and neutron output) were verified

in cycles of 1 hour. We monitored on a weekly basis the linearity and resolution of the C6D6

detectors by measurements of the 661.7 keV and 6.13 MeV g-ray using a 137Cs source and a
238Pu+13C mixture, respectively. In addition, the 2.2 MeV g-ray from the H(n,g) capture

reaction, which is  present as a background contribution, was used for an off-line adjustment

of the gain and the discrimination level. The discrimination level of the capture detection

system corresponded to a deposited energy of 150 keV.

3.3.2 Data reduction

The list mode data are analysed off-line. First, the TOF is typically compressed to fit a 32k

spectrum with adjustable channel width. The channel widths have been chosen to map each

resonance with at least 20 points. To obtain the experimental capture yield defined in Eq. 3.13

we need to apply the weighting function and to correct for dead time and background. The
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TOF compression and application of the weighting function is included in the software

package AGL, which is especially developed to analyse list mode data taken with the

DAC2000 systems. This package also prepares the input data for the AGS package to

calculate the dead time correction and to perform the propagation of uncertainty starting from

the counting statistics.

The dead time of the capture and neutron detection chains are monitored continuously by

registering the distribution of the TOF differences between consecutive events. For the flux

measurements the dead time was 4180 ns, with a maximum dead time loss of 0.2%. The dead

time of 5328 ns for the capture measurements resulted in a 0.4 % maximum dead time

correction. The difference in dead time is mainly related to the difference in conversion time

of the ADC.

Like in the transmission runs, the background for the flux measurements was derived from the

saturated resonance dips formed by black resonances of Ag, W, Co, Na, and S filters. Again,

to minimise the influence of the filters on the TOF spectra, the background level for each

black resonance was determined from separate measurements. In Fig. 3.18 we show the TOF

spectrum for the 10B and 235U flux measurements together with the background contribution,

resulting from a fit through the black resonance points using Eq. 3.16.
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Figure 3.18 Foreground spectra for the 10B (left) and 235U (right) flux measurements together
with the background contribution, resulting from a fit through the black resonance points.
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The background for the capture measurements consists of a time independent and a time

dependent component. For stable nuclides the time independent component results mainly

from the ambient background. When the neutron width is much larger than the radiation

width, as for a nucleus like 206Pb, the time dependent background depends strongly on the

neutron sensitivity of the detection system. The background correction is included in the

resonance shape analysis code REFIT and is discussed in more detail in section 3.4.2.

The neutron energy was determined by the TOF method. The zero point of the time scale was

deduced from the position of the gamma-flash. We also performed capture measurements on
232Th in the same geometry and used the resonance at 58.771 eV to define the effective flight

path length (58.576 m). The final TOF-to-energy conversion was verified using the peak at

5.904 keV of 27Al.

3.3.3 Determination of the detector response and weighting function

Applying the PHWT, the response function of the detection system is mathematically

manipulated to achieve the proportionality between the detection efficiency and the gamma

ray energy. One defines a weighting function W(Ed), which satisfies the following relation:

( ) ( ) g
�

g =× kEdEEWE,ER
0

ddd 3.17,

with R(Ed,E ) the detector response, i.e. the probability that a gamma ray with an energy E

deposits an electron energy Ed in the detector. The detector response is normalized to the total

absolute detection efficiency:

( ) )E(dEE,ER
0

dd g
�

g e=× 3.18,

It can be shown that the weighting function W(Ed) can be approximated by a smooth function

of the deposited energy Ed. To obtain reliable weighting functions, we need an accurate

description of the response of the detection system to g-rays. This response depends on the

photon transport in both the sample and the detector assembly. Consequently, also the

weighting function W(Ed) is detector and sample dependent. Therefore, capture cross section

data resulting from the PHWT depend strongly on the detector response used for the

calculation of the weighting function. This is especially true when the gamma spectrum of the

nucleus to be measured differs strongly from the gamma spectrum of the normalization

reference.
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It was found, for example, that the capture area for the 1.15 keV resonance of 56Fe, with a

gamma spectrum much harder than that of the 4.9 eV normalization resonance of 197Au, was

overestimated by more than 20 % as compared to the capture area derived from transmission

measurements [SOW88]. This difference resulted from the use of a weighting function which

was incorrect and which assigned too much weight to the high-energy part of the gamma

spectrum. The weighting function was derived from a simulated detector response, but it was

shown that the simulations failed to reproduce the experimental response in particular for high

energy gamma rays. This failure arose from an inadequate treatment of the electron tracking

in the sample and surrounding materials [GAY88].

Corvi et al. [COR88, COR91a] obtained for their set-up a weighting function based on an

experimentally determined detector response. The detector response was determined from

measurements with radioactive sources and (p,g) reactions on light nuclei. Using the

experimentally determined WF, the capture area of the 1.15 keV resonance for a thin sample

measurement was in agreement with the standard transmission value, after normalization at

the saturated resonance at 5.2 eV of 109Ag [COR88, COR91a] and at 4.9 eV of 197Au

[COR91b, FIO91]. However, for thicker samples, discrepancies up to 10% were observed

[COR91b]. More specifically, it was found that the value of the 1.15 keV capture area

decreases with increasing sample thickness, due to the absence of any correction for g-rays

self-absorption in the sample. Therefore, it was also recommended to use the experimental

WF only for thin samples. For thick samples additional measurements with mixed samples to

account for the photon transport in the sample and surrounding material are needed. Even

applying such a procedure, accurate cross sections can only be obtained if the gamma-ray

spectrum does not vary strongly from one resonance to another. When the gamma spectrum

of the normalization reference is strongly different, the use of weighting functions not

accounting for the photon transport in the sample results in systematic uncertainties as

demonstrated by Mutti et al. [MUT98]. Using the experimental WF of Corvi et al. [COR91a],

the normalization factor based on the 1.15 keV 56Fe resonance in a mixed Pb-Fe sample was

7% smaller than the normalization factor based on the 5.2 eV 109Ag resonance in a mixed Pb-

Ag sample [MUT98]. Therefore, accurate capture cross sections on thick samples based on

the experimental WF require a special normalization procedure using mixed samples and a

normalization resonance with a specific gamma spectrum. This is not always possible and

could result in very expensive and time consuming measurements.
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To avoid the use of such a normalization procedure, Monte Carlo simulations validated by

experiment can be used. Perey et al. [PER88] already successfully simulated response

functions for C6D6 and C6F6 detectors using the gamma-ray transport code EGS. Recently

Tain et al. [TAI02, ABB04] and Wilsen et al. [WIL03] simulated the detector response for

their C6D6 detection systems using the GEANT and MCNP code, respectively. Tain and

collaborators also simulated successfully the experiments of Corvi et al. [COR91b, FIO91].

They demonstrated that by applying a WF which accounts for the photon transport in the

sample the capture areas resulting from the data of Corvi et al. [COR91b], even for the

thickest samples, are in agreement with the standard transmission data.

Figure 3.19 Horizontal cross section of the geometry as modelled in the MCNP input file.

We used the MCNP code, version 4C2 [BRI00], to determine the response of our capture

detection system. To obtain reliable results, great care was taken in describing the

experimental conditions and in representing all the material influencing the response. In Fig.

3.19 we show the geometry, as modelled in the MCNP input file, in two dimensions for the

detectors placed at 125o with respect to the incoming neutron beam. We included not only the

active detection volume but also the aluminium canning, the boron free quartz window, the

photo-multiplier, the electrical insulation and the flexible TEFLON tube. The latter serves as

an expansion volume to compensate the thermal expansion of the C6D6. All these additional

materials are especially important to simulate the neutron sensitivity, which will be discussed

in section 3.3.5.

We simulated only the photon and electron transport in the sample and the detection system,

and did not simulate the complete process that leads to the generation of the observed signal,

as the light production and its propagation in the scintillator are not taken into account.

Therefore, the final response is obtained by a convolution of the simulated response R(Ed,E 0 )
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with a Gaussian function G(Pm,Ed), representing the amplitude resolution function of the

detector:

( ) ( )× gg = ddmdm dEE,PGE,ER)E,P(N 3.19,

( ) ( )
Ôã
Ôâ
á

ÔÓ
ÔÒ
Ñ

s
--sp=

2
d

2
dmm

d
dm

)E(2

)E(PP
exp

)E(2

1
E,PG 3.20,

In Eq. 3.19 the simulated response R(Ed,E 0 ) represents the transfer of gamma ray energy E 0  in
energy deposited within the detector Ed and G(Pm,Ed) expresses the conversion process of the

deposited energy into the final measured signal Pm. The Gaussian distribution has a mean

value mP  and a variance s2 which are expressed as a functional form of the deposited energy.

Ideally, these two quantities are proportional to the deposited energy. To determine the

functional relationships together with the free parameters we applied a similar procedure as in

Ref. [WEY98]. We determined the experimental response in well-known mono-energetic

photon fields and compared the measured response with the simulated one obtained from the

combination of Eq. 3.19 and 3.20. The free parameters in the expression Eq. 3.20 can then be

determined by a least squares fit procedure. Such a procedure has to be repeated for several

mono-energetic (or quasi) gamma rays. In order to determine the functional forms it is

sufficient to fit the measured spectrum near the upper edge of the response. At energies below

2.6 MeV this can be done with standard radioactive sources. At higher energies one can use

(p,g) induced reactions on light nuclei [GAY88, COR88, COR91a, WIL03], or one can use

the gamma spectra of selected resonances for neutron capture in nuclei near closed shells

[PER88]. We used the detector response for selected resonances in 2063E�Q� ���ZKLFK�KDYH�D
very simple gamma-ray spectrum [MIZ79]. The final simulated and experimental responses

are compared in Fig. 3.20 for gamma rays resulting from a radioactive source and in Fig. 3.21

for gamma rays from one selected resonance in 2063E�Q� ��
The resulting mean value and variance for G(Pm,Ed) are:

2
mmd

2 P000356.0P179.0)E( +=s 3.21,

ddm E0793.076.1)E(P += 3.22,

where Ed is expressed in keV.
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Figure 3.20 Comparison of the experimental and the simulated response function for a point
source (137Cs).
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Figure 3.21 Response of the capture detection system to the neutron capture gamma rays in
the 16 keV resonance of 206Pb.

The coefficients resulted from a least squares fit on the whole data set. The corresponding

resolution broadening, which is shown in Fig. 3.22, is comparable to resolution values of

other scintillators quoted in the literature [DIE82]. For the radioactive sources the absolute

detection efficiency was also reproduced to within 5%, which is close to the systematic

uncertainty resulting from the position of the point source. For the simulated spectrum in Fig.

3.21 we kept the relative transition probabilities fixed following the level scheme and
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transition probabilities of Ref. [KAD00], and normalized the spectra only at the high energy

side. The good matching in the low energy region also indicates that the efficiency in the high

energy is very well simulated.
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Figure 3.22 The Full Width at Half Maximum (FWHM) for the C6D6 detector used.

The good agreement between simulated and experimental response confirms the quality of the

simulations. Therefore, the Monte Carlo simulations can be used to determine weighting

functions, accounting for the complete measurement system including the target material. The

final weighting function is obtained by a least squares fit to a number of gamma-ray responses

in the energy region of interest:

( ) ( ) g
�

g =× EdEEWE,EN
0

ddd 3.23,

where W(Ed) is a smooth function of the deposited energy. In the literature the weighting

function is mostly expressed as a 4th [COR91a, ABB04] or 5th [WIL03] order polynomial. We

experienced that a 4th or 5th order polynomial adequately describes the weighting function for

point sources or thin samples. However, in case of thick samples, for which the photon

transport in the sample material can not be neglected, accurate weighting functions are only

obtained by including negative powers in the power series expression. The extension to

negative powers is especially needed to have a good description of the weighting function in

the low energy region. Also for the capture measurements at n-TOF using a thick 209Bi

sample, Tain [TAI04] could not describe the weighting function by a 4th or 5th order

polynomial. They applied a special unfolding technique and determined a numerical
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weighting function, which however turned out to be negative at low energies. In Fig. 3.23

weighting functions for different measurement conditions are compared. The values of the

polynomial coefficients are given in Table 3.4. We also include in the comparison the

weighting function of Corvi et al. [COR91a], which has been re-normalized at 5 MeV.

Sample and setup
Power order Au 1.1 mm Fe 0.5 mm Ag 0.19 mm [COR91a]

125� 125� 90� 90�
-3 8.831 x 100 5.832 x 100 4.595 x 100 0.000 x 100

-2 -8.620 x 101 -6.029 x 101 -4.688 x 101 0.000 x 100

-1 2.809 x 102 2.123 x 102 1.613 x 102 0.000 x 100

0 -3.699 x 102 -3.153 x 102 -2.292 x 102 1.195 x 101

1 3.073 x 102 3.212 x 102 2.278 x 102 8.176 x 100

2 2.101 x 101 -7.231 x 100 -9.350 x 10-1 3.675 x 101

3 -5.202 x 100 1.792 x 100 1.714 x 100 -7.142 x 100

4 2.179 x 10-1 3.743 x 10-3 -6.205 x 10-2 4.669 x 10-1

Table 3.4 The weighting function coefficients for different samples and geometrical
configurations.
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Figure 3.23 Simulated weighting functions for different experimental conditions and samples.
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3.3.4 Validation of the weighting function determined by Monte Carlo simulations

To validate the weighting functions we performed various experiments in two detection

geometries using different samples and analysed the data with different weighting functions.

A summary of the samples used in the experiments is given in Table 3.5. We performed

measurements with four C6D6 detectors both at 90o and at 125o with respect to the direction of

the incoming neutron beam. In both geometries the sample is placed perpendicular to the

neutron beam. We analysed the data using two different weighting functions resulting from

Monte Carlo simulations. The first, called WFS1, assumes that g-rays are homogeneously

distributed in the sample. The second, called WFS2, assumes an exponential distribution to

account for the neutron flux attenuation within the sample. These simulated weighting

functions are used to study the influence of the photon transport in the material surrounding

the sample and the coupling between the neutron and photon transport arising from the

neutron flux attenuation in the sample.

ID Name « Weight Density Thickness St

mm g g/cm3 mm cm-1

Ag1 Ag 60 2.483 10.49 0.0837 585.6
Ag2 Ag 60 5.413 10.49 0.1825 585.6
Ag3 natPbAg* 60 34.014 11.26 1.0680 54.5
Ag4 206PbAg** 60 36.780 11.28 1.1534 585.6
Au1 80 4.777 19.30 0.0492 590.0
Au2 80 10.920 19.30 0.1125 590.0
Au3 80 98.750 19.30 1.0180 590.0

* Sandwich
** Homogeneous mixture

Table 3.5 The samples used for the verification of the normalization with different weighting
functions. The macroscopic cross section St is given for the 5.2 eV resonance of 109Ag and the
4.9 resonance of 197Au.

In a first validation exercise we determined the normalization constant N of Eq. 3.13 for

measurements in the 90� and 125� geometry with different samples containing natAg or 197Au.

We deduced the normalization constant from a RSA of the capture yield for the saturated

resonance of 109Ag at 5.2 eV or 197Au at 4.9 eV. We used the REFIT code to parameterise the

data with only the normalization factor as a free fitting parameter. Following the results of

Borella et al. [BOR03], we determined the normalization factor from a fit in the energy region

restricted to the resonance top. An example of such a fit is shown in Fig. 3.24. In Table 3.6 we
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compare the normalization factors for measurements in the 90o geometry using different

samples containing natAg. The normalization factors for measurements in the 125o geometry

based on the saturated resonance at 4.9 eV in 197Au using different samples are given in Table

3.7. In Table 3.7 we also report the normalization factor from a measurement in the 125o

geometry with a thin natAg sample, with a 60 mm diameter. The resulting normalization factor

was corrected for the different intersection areas between the beam and the target.
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Figure 3.24 A fit of the 5.2 eV 109Ag saturated resonance with the REFIT code.

Sample Ag Pb « WFS1 WFS2
g/cm2 g/cm2 mm N N

Ag 0.088 60 4.894(0.074) 4.746(0.074)
Ag 0.191 60 4.954(0.075) 4.804(0.074)
natPbAg 0.104 1.099 60 4.930(0.074) 4.772(0.074)
206PbAg 0.088 1.213 60 4.997(0.076) 4.755(0.074)
Mean 4.944 4.769
Std 0.043 0.026
Std (%) 0.873 0.539

Table 3.6 The normalization factors for measurements in the 90� geometry obtained with the
WFS1 and WFS2 weighting function. The uncertainties are quoted in parentheses and are a
combination of a 1.5 % systematic uncertainty with the uncertainty resulting from counting
statistics.
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Sample « WFS1 WFS2
g/cm2 mm N N

Ag 0.191 60 3.211(0.049) 3.154(0.049)
Au1 0.095 80 3.205(0.049) 3.199(0.049)
Au2 0.217 80 3.206(0.049) 3.196(0.049)
Au3 1.965 80 3.006(0.045) 3.184(0.048)
Mean 3.139 3.193
Std 0.115 0.008
Std (%) 3.667 0.239

Table 3.7 The normalization factors for measurements in the 125� geometry obtained with the
WFS1 and WFS2 weighting function. The mean values and standard deviations are calculated
for the Au samples. The values for the Ag sample were corrected for the different intersection
areas between the beam and the target. The uncertainties are quoted in parentheses and are a
combination of a 1.5 % systematic uncertainty with the uncertainty resulting from counting
statistics.

Before discussing the results in Table 3.6 and 3.7, we want to mention that we deduced a

systematic uncertainty of 1.5% from a series of repetitive measurements of the same sample

within a period of a few months. The uncertainties in Table 3.6, 3.7 and 3.8 are a combination

of this systematic uncertainty with the uncertainty resulting from counting statistics. The good

agreement between the normalization factors for the 90o and 125o geometry, for samples with

the same diameter, confirms the quality of the geometry input file in the simulations. In

addition to the weighting function WFS1 and WFS2, the data have also been analysed using a

weighting function which does not account for the photon transport in the sample. Using such

a weighting function, the result for the 206PbAg sample deviates by more than 15% from the

normalization factor deduced from the thinnest Ag sample. A further comparison of the

results in Table 3.6 and 3.7 together with the representation of the data in Fig. 3.25 reveals

that:

- Using calculated weighting functions, which account for the photon transport in the

sample, results in normalization factors which are less than 1% apart, independent of

sample thickness.

- Measurements on samples with a high macroscopic neutron absorption cross sections

suffer from a systematic uncertainty, when the coupling between the neutron and photon

transport is neglected. The normalization of the 1.1 mm thick Au gold sample is 6 %

different from the one obtained with the thin sample when this coupling is not taken into

account. The influence of the effect depends on the geometry. For the Ag measurements
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in the 90o geometry the difference is smaller. We still observe an overall systematic

difference of 3 % between the normalization factors obtained with and without coupling.

Therefore, even when using an internal normalization resonance, high macroscopic

neutron cross sections require weighting functions accounting for the coupling between

the neutron and gamma transport. This coupling can also affect the shape of very strong

resonances in thick samples.
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Figure 3.25 The normalization factors obtained with the WFS1 and WFS2 weighting function
on Ag (left) and Au (right) samples.
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Figure 3.26 A fit of the 1.15 keV 56Fe resonance with the REFIT code.
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For a final validation of the weighting functions we determined the neutron width for the 1.15

keV resonance of 56Fe from measurements with different samples using a normalization based

on the 5.2 eV and 4.9 eV resonance of 109Ag and 197Au, respectively. These measurements

were performed in the 125� geometry. The neutron width was obtained from a RSA using

REFIT, keeping the radiation width fixed at 574 meV. An example of such a fit is shown in

Fig. 3.26. Due to the small macroscopic total cross section for all samples we did not observe

a significant difference between the results for WFS1 and WFS2. The results obtained from

an analysis with the WFS2 weighting function are listed in Table 3.8.

Sample g/cm2 « Gn / meV
Fe X mm WFS2

Fe1 0.105 60 62.6(1.3)
Fe2 0.394 60 62.5(1.1)
Fe3 0.905 60 60.2(1.0)

206PbFe* 0.394 1.213 60 63.1(1.1)

PbFe* 0.422 1.103 60 62.6(1.1)
PbFe* 0.422 2.725 60 62.6(1.1)

Fe4 0.202 80 61.2(1.1)
Fe5 0.795 80 60.3(1.1)
Fe6 0.998 80 61.2(1.1)

AuFe 1.708 0.118 80 61.3(1.1)
Fe2O3 1.404 0.603 80 59.1(1.0)

Mean 61.5
Std 1.3
Std (%) 2.1

* Sandwich

Table 3.8 The neutron width for iron samples of different thicknesses and compositions
obtained with the WFS2 weighting function. The symbol ‘X’ denotes the element that, together
with iron, is present in the sample. The uncertainties are quoted in parentheses and are a
combination of a 1.5 % systematic uncertainty with the uncertainty resulting from counting
statistics.

Applying a weighting function which does not account for the influence of the sample

material, we observe differences up to 15 %, with respect to the standard transmission value.

Using the WFS2 function, we deduced from the complete data set an average neutron width

Gn = 61.5 meV, with a relative standard deviation of 2%. This value is in very good agreement

with the standard transmission data Gn = 61.7 (0.9) meV of Perey et al. [PER85] and also with
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the value Gn = 62.9 (2.1) meV of Corvi et al. [COR91a]. There is also a very good agreement

between the data which were normalized relative to the 5.2 eV and 4.9 eV resonance of 109Ag

and 197Au, respectively. As mentioned by Corvi et al. [COR91a], the comparison 56Fe-109Ag

provides a stringent test of the weighting function, even more severe than the most frequently

used 56Fe-197Au normalization, because of the extreme difference in the shape of the capture

gamma-ray spectra of the two nuclei. In fact, in the case of the 1.15 keV resonance, there are

about 63 photons per 100 capture events with energy above 6 MeV as compared to 5 and 19

for the 5.2 eV 109Ag and 4.9 eV 197Au resonance, respectively [ISOT]. This is also illustrated

in Fig. 3.27, which compares the net response in the C6D6 detectors for the 1.15 keV 56Fe, 5.2

eV 109Ag and 4.9 197Au resonance.
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Figure 3.27 Response of the capture detection system to the neutron capture gamma’s in the
1.15 keV 56Fe, 5.2 eV 109Ag and 4.9 eV 197Au resonances.

The impact of the weighting function on neutron capture cross section has been recently

confirmed in the analysis of 232Th neutron capture measurements carried out at n-TOF on a 1

mm thick sample [GUN04]. The average 232Th neutron capture cross section in the URR was

deduced using the 21.8 eV saturated resonance of 232Th for the normalization. It was found

that, if the neutron flux attenuation in the sample is neglected when performing the weighting

function calculation, one observes a systematic deviation of the normalization of about 5%

from the result that is obtained accounting for the neutron flux attenuation in the sample.

Correspondingly, the 232Th neutron capture cross section in the URR was deduced using a WF

that accounts for the corresponding flux attenuation. A similar effect has been recently
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observed at IRMM by comparing measurements data of a 0.5 mm thick and of a 1.0 mm thick
232Th sample [VOL04].

3.3.5 Neutron sensitivity of the capture detectors

The background in capture measurements consists of a time independent and a time

dependent component. The time independent background results from the ambient

background and/or from the radioactivity of the sample, and can be accurately determined

when the accelerator is not in operation. The time dependent background consists of a non-

prompt and a prompt component. The former is caused by neutrons that have lost their

correlation between the TOF and the initial energy. This background depends strongly on the

measurement conditions and collimators installed at neighbouring flight paths. This so-called

“ open beam”  background can be determined from measurements without sample or by an

evaluation of the response in the “ valley”  between well-separated resonances. The prompt

contribution originates from neutrons which are scattered in the sample and subsequently

captured in the detector environment. This contribution is hard to distinguish from a capture

event in the sample and it contributes directly to the resonance area. The sensitivity to

scattered neutrons plays an important role for all resonances with a neutron width that is much

larger than the radiation width. This is the case for light nuclei and for heavier nuclei close to

magic shells. To study such nuclei one chooses detectors with the lowest neutron sensitivity

and one tries to reduce all materials surrounding the sample-detector assembly. The

consequences of this background component on the resonance parameters of large s-wave

resonances have been illustrated by Koehler et al. [KOE02], Corvi [COR95] and Beer et al.

[BEE97]. After a reduction of the neutron sensitivity of their detector system, Koehler et al.

[KOE02] determined a capture width for the 289 and 325 keV s-wave resonances in 88Sr

which was a factor five smaller as compared to the previous value. Corvi [COR95] compares

the average radiation widths for s- and p-wave resonances of structural materials, i.e.
50,52,53Cr, 54,56Fe, and 58,60Ni, obtained at GELINA with C6D6 detectors with those obtained at

ORELA using C6F6 detectors. The radiation widths for p-wave neutrons agree within 20 %.

However, for large s-wave resonances the radiation widths obtained at ORELA are up to a

factor 2 larger than those determined at GELINA. This is certainly to be ascribed to the larger

neutron sensitivity of the old ORELA measurement setup. The influence of the neutron

sensitivity to the determination of the resonance parameters for 208Pb cross section is shown in

Fig. 3.28. The ratio of the resonance area reported by Macklin et al. [MAC73] and the one

obtained at GELINA by Mutti [MUT97, BEE97] is plotted as a function of the scattering-to-
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capture ratio Gn/G 1 . The ratio between the experimental resonance areas increases linearly

with the Gn/G 1  ratio. The systematic differences reported by Corvi [COR95] and Beer et al.

[BEE97] are obviously due to the difference in neutron sensitivity of the detection systems

and the different methods to correct for it.
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Figure 3.28 Influence of the neutron sensitivity on 208Pb capture areas.

To reduce systematic uncertainties resulting from the neutron sensitivity we performed direct

measurements to determine the ratio between the detection efficiency for neutrons en and the

detection efficiency for gamma rays following neutron capture in the sample ec. This ratio

was determined for the detection system in the 125º geometry and was obtained by comparing

the weighted spectrum from a 10 mm thick graphite sample with the response for a 0.5 mm

gold disc. A natS filter was used to monitor continuously the background at 102.71 keV. In

addition to the graphite and gold measurements, we also performed a run without any sample.

After normalization at the 102.71 keV resonance we used these data to correct the graphite

measurements for the open beam background. The gold data were corrected for the open

beam background and the neutron scattering in gold. The latter was deduced from the

measurement with the graphite sample. The final neutron sensitivity en, relative the capture

detection efficiency ec for gamma rays from 197Au(n,g), is obtained from the ratio between the

net weighted count rates for the carbon and gold measurement, CC and CAu, multiplied by the
197Au(n,g) capture yield and the elastic scattering yield of 12C(n,n), respectively:

n,C

c,Au

Au

C

c

n
Y

Y

C
C=e

e
3.24,
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The results are shown in Fig. 3.29 and compared with the neutron sensitivity for a similar

detector system as reported by Corvi [COR95, COR02] and the results of Monte Carlo

simulations. We also include the neutron sensitivity for a detection system of two C6D6

[FIO91] and two C6F6 detectors [ALL77] placed at 90o with respect to the neutron beam,

resulting from measurements at GELINA and ORELA, respectively. The present data are in

very good agreement with the data of Corvi [COR95]. The neutron sensitivity for the C6D6

and C6F6 detectors follow a similar trend as a function of the neutron energy, with peaks

around 7 and 40 keV resulting from the 5.9 and 35 keV resonances in aluminium. The

structures around the resonances are smeared out due to the influence of multiple scattering

effects. Due to the absence of fluorine in the scintillator material the neutron sensitivity for

the C6D6 detector is significantly lower at the resonance energies of fluorine, around 30 and

100 keV. The contribution of the fluorine, present in the TEFLON tube surrounding the C6D6

volume, still creates some structure around 100 keV.
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Figure 3.29 A comparison of the neutron sensitivity determined experimentally with the
results of MCNP simulations.

Fig. 3.29 illustrates that the neutron sensitivity can also be reproduced by Monte Carlo

simulations. Since the Monte Carlo simulations do not suffer from uncertainties related to

background corrections, we prefer the use of the neutron sensitivity obtained with MCNP.

Using simulations we can also account for any target mass dependence, as was already

remarked by Allen et al. [ALL77]. Taking into account the neutron sensitivity, the expression

of the observed capture yield becomes:
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As already mentioned above, the neutron sensitivity is only of importance for large s-wave

resonances for which sn @ stot. Knowing the stot(En) from transmission measurements one can

first correct for the neutron sensitivity before performing a resonance shape analysis of the

capture yield. The REFIT code includes the correction of the capture yield for the neutron

sensitivity by Eq. 3.25 and the neutron scattering cross section is updated in the fitting

procedure of the resonance shape analysis. Such a neutron sensitivity correction is not

implemented in the resonance shape analysis code SAMMY. In such cases, the radiation

width G 1  is mostly [WIS84, PER83, PER93] deduced from the radiation width G 1 ’ , which was

obtained from the uncorrected capture yield, using the expression:

n
c

n’ Ge
e-G=G gg 3.26

However, Eq. 3.25 reveals that such a correction procedure is only valid when the multiple

scattering can be neglected. In most cases this condition is not met. The contribution of the

neutron sensitivity to the capture yield in the case of 206Pb is shown in Fig. 3.30. In this figure

the capture yield (Eq. 3.25) is compared with the contribution of the neutron sensitivity to the

yield.

23 24 25 26 27
10-6

1x10-5

1x10-4

10-3

E
res

=25.4 keV5
n
/
576

~150

E
res

=25.1 keV5
n
/
576

~2

 Y
NS

 Y
C

 

 

C
ap

tu
re

 Y
ie

ld
 / 

ar
b.

 u
ni

ts

Neutron Energy / keV

158 159 160 161 162
10-7

10-6

1x10-5

1x10-4
E

res
=161.6 keV5

n
/
5 6

~5

E
res

=160.2 keV5
n
/
586

~1300

 Y
NS

 Y
C

 

 

C
ap

tu
re

 Y
ie

ld
 / 

ar
b.

 u
ni

ts

Neutron Energy / keV

Figure 3.30 A comparison of the capture yield (YC) and the neutron sensitivity contribution
(YNS) for several 206Pb resonances.
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3.4 Results

3.4.1 Transmission factors

In Fig. 3.31 the transmission factor obtained from the measurement with the thick sample is

shown. From the transmission factors of the thin and thick sample, the resonance energy En

and gGn values for 17 resonances were deduced. From the structure in the transmission factor,

we also identified the resonances at 16.43 and 65.99 keV as s-wave resonances. This

structure, which results from the interference between the potential scattering and the

resonance term, was also used to determine the scattering radius for 206Pb. Fig. 3.31 shows a

fit to the region in the vicinity of the 65.99 keV resonance.
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Figure 3.31 The transmission factor for the 3.000 x 10-2 at/b thick sample together with the
result of a resonance shape analysis on the 65.99 keV s-wave resonance. The interference
between the potential scattering and the resonance term was used to determine the scattering
radius for 206Pb.

We deduced from our data a radius R’  = 9.54 (0.02) fm, which is in good agreement with the

value R’  = 9.46 (0.15) fm quoted by Mughabghab [MUG84]. From a simultaneous RSA of

the thin and thick measurements we also confirmed the statistical factor for the strong

resonances at 25.4, 36.2 and 47.5 keV. The procedure is based on a similar procedure applied

in area analysis [FRO66] and is illustrated in Fig. 3.32 for the resonance at 25.4 keV. For this

p-wave resonance two resonance spins J = 2
1  and 2

3  are possible with a statistical factor g = 1

and 2, respectively. Supposing a statistical factor g = 2 we are not able to describe both the
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thin and thick measurement data with one set of resonance parameters. This is confirmed by

the chi-square per degree of freedom c2/N = 2.29. When we use the statistical factor g = 1

both the thin and thick measurement data can be fitted with one set of resonance parameters,

and we obtain a value c2/N = 0.95.
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Figure 3.32 The result of a resonance shape analysis on the 25.4 keV resonance. The
transmission factors of the two 206Pb samples have been analysed simultaneously. The quality
of the fit indicates the g=1 is the correct assignment.

In Table 3.9 we compare the resonance parameters deduced from our data with those reported

by Horen et al. [HOR79] and Mizumoto et al. [MIZ79]. This table reveals that the resonance

parameters of Horen et al. [HOR79] are in good agreement with our more accurate data,

which were obtained with an isotopic pure 206Pb sample. However, a comparison with the
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data of Mizumoto et al. shows deviations of up to a factor 2. Therefore, for the weaker

resonances, which we could not observe in our transmission data, we adopted the values

Horen et al. for the analysis of our capture data above 80 keV.

Energy / eV gGn / eV gGn / eV gGn / eV

This work [HOR79]
[HOR79]:;:;:;:;:;:;:;:
This work

[MIZ79]
[MIZ79]:;:;:;:;:;:;:;:

This work
3357.6 0.57(0.01) 0.50(0.16) 0.88 0.46(0.06) 0.81

14218.0 1.56(0.03) 0.76(0.14) 0.49
16426.4 0.79(0.01) 0.64(0.12) 0.81
19741.1 2.58(0.06) 1.42(0.10) 0.55
21879.1 1.75(0.06) 0.70(0.10) 0.40
25424.2 48.86(0.10) 51(6) 1.04 56(4) 1.15
36210.9 35.71(0.18) 40(6) 1.12 38.8(0.6) 1.09
47501.8 83.16(0.29) 89(10) 1.07 85.2(0.8) 1.02
53905.3 13.13(0.33) 12.4(2.8) 0.94
63951.6 3.33(0.33)
65996.0 82.21(0.41) 85(9) 1.03
66584.3 19.06(0.48) 20(4) 1.05
70283.4 10.78(0.39) 10(3) 0.93

Mean 1.01 0.79
Stdev 8.3% 28%

Table 3.9 The gGn values of the 13 strongest resonances obtained in this work compared to
the values quoted in [HOR79] and [MIZ79]. The quoted uncertainties on the values obtained
in this work result from counting statistics only. The ratios between the values quoted in
[HOR79] and [MIZ79] and the values obtained in this work are also given.

3.4.2 Capture yields

The weighting function used in converting the observed count rate to the capture yield was

calculated by Monte Carlo simulations. In the simulation it was assumed that the gamma rays

were produced uniformly across the sample as the attenuation of the incident neutron is small.

The normalization of the lead data was determined from measurements with a homogeneously

mixed natFe-natPb sample and a natFe-206Pb sandwiched sample, using the 1.15 keV resonance

of 56Fe. The characteristics of the samples were already specified in Table 3.8. The resonance

shape analysis was performed in the region around the 1.15 keV resonance, fitting only the

normalization factor and the background level and assuming a neutron width of 61.7 meV and

a radiation width of 574 meV.
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The resulting normalization factors NSIM are given in Table 3.10 together with values obtained

for a natFe (1.15 keV) and a natAg (5.2 eV) sample. The values obtained with the experimental

weighting function of Corvi et al. [COR91a] (NEXP) are also quoted. The normalization values

deduced with the simulated weighting function, NSIM, are consistent within 1%, while the

ones deduced with the experimental weighting function, NEXP, show discrepancies up to 7%.

The final normalization used was based on the average value from the natFe-natPb and the
natFe-206Pb samples as their values agreed within 0.7 %.

Sample NSIM NEXP

PbFe 99.9(0.6) 93.3(0.6)
206PbFe 99.3(0.7) 94.1(0.6)
natFe 100.0(0.7) 100.0(0.7)
natAg 100.6(0.2) 94.9(0.3)

Table 3.10 The normalization factors for the 206Pb capture measurement. The normalization
factors are normalized at the value for the natFe sample. The uncertainties are quoted in
parentheses and the result from counting statistics only.

Although we have demonstrated that using weighting functions determined from simulations

we can also perform the normalization at the 4.9 eV or 5.2 eV resonance of 197Au and 109Ag,

respectively, we preferred to deduce the normalization from the 1.15 keV resonance of 56Fe.

For Au or Ag normalization measurements at a 60 m flight path we need to operate at a low

operating frequency, i.e. 100 Hz. The 56Fe normalization measurements can be performed at

the same operating conditions as for the 206Pb capture measurements, i.e. 800 Hz. Therefore,

the normalization at the 1.15 keV resonance of 56Fe reduces possible systematic uncertainties

related to a change in operating conditions of the accelerator.

Figure 3.33 shows the experimental capture yield for the 206Pb measurements carried out at

125º and the total background contribution. The time dependence of background was fitted

using the code REFIT. The background contribution is described as a sum of two

components:
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with T the flight time of the neutron and sH,tot the total cross section for hydrogen. The terms

s2
H,t and T-b4 account for the shape of the moderated neutron spectrum. In REFIT [MOX91]

the contribution of the background parameters b0, b1, b2, b3, and b4 can be adjusted together

with the resonance parameters.
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The first time dependent component, the non–prompt background contribution, can be

estimated from the capture yield between well–separated resonances. The second component,

the so-called prompt background, originates from neutrons, which are scattered in the sample

and subsequently captured in the detector environment. This background depends on the

neutron sensitivity of the detection system, which was calculated by MCNP simulations. In

Fig. 3.33 we show the contribution of the neutron sensitivity to the capture yield together with

the total background contribution.
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Figure 3.33 The experimental capture yield for 206Pb (Yc) together with the total (Yc,bg) and
prompt background (Yc,p).

In the region up to 620 keV, 304 resonances were seen and analysed in our capture

measurements while only 221 are listed in the ENDF/B-VI library [ENDFB]. We verified that

the 83 new resonances were not impurities in the sample. Above 200 keV we often observed a

big discrepancy between the radiation width deduced in this work and the ones quoted in the

evaluated libraries. This is due to the lack of experimental capture data above 200 keV. Fig.

3.34 shows a comparison between the experimental capture yield with the one deduced from a

RSA using the ENDF/B-VI resonance parameters [ENDFB] and the parameters deduced in

this work.

The final capture area for the most important resonances below 200 keV are listed in Table

3.11 and compared with the data of Mizumoto et al. [MIZ79] and Allen et al. [ALL73b]. A

comparison of our capture data with these data sets reveals discrepancies of up to 20 – 30 %.
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This discrepancy is partly due to the angular anisotropy effect which arises for resonances

with a spin J > ½ and l > 0. To investigate the effect of the geometry on the capture areas, we

also performed measurements with the detectors placed at 90o with respect to the direction of

the incoming neutron beam.
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Figure 3.34 The experimental capture yield between 400 keV and 450 keV is compared with
the capture yield obtained using the ENDF/B-VI resonance parameters and the parameters
deduced in this work.

In Fig. 3.35 we plot the ratio of the capture area obtained at 125o and the capture areas

determined by Mizumoto et al. [MIZ79], as a function of the ratio of the capture areas we

deduced at 125º and 90o. The latter one was normalized to 1 for the s-wave resonance at 16.42

keV. The strong correlation between the two ratios indicates that the measurements of

Mizumoto et al. [MIZ79] were performed in a 90o geometry. Also for the data of Allen et al.

[ALL73b] we observe a similar correlation. We can conclude that the capture data of

Mizumoto et al. [MIZ79] and Allen et al. [ALL73b] suffer from a systematic uncertainty of

up to 20%, related to the anisotropy effects for resonances with a spin J > ½ and l > 0.

Additional systematic differences with the data of Allen et al. [ALL73b] and Mizumoto et al.

[MIZ79] result from the normalization and the weighting function. Their measurements were

performed with C6F6 detectors and they did not report on the normalization or weighting

function that were applied. In addition they did not specify how the data were corrected for

the neutron sensitivity.



104

This work [ALL73b] [MIZ79]

Energy
(eV)

gGnG =  /G
(eV)

gGnG =  /G
(eV)

[ALL73b]:;:;:;:;:;:;:;:
This work

gGnG =  /G
(eV)

[MIZ79]:;:;:;:;:;:;:;:
This work

3357.6 0.116 (0.001) 0.055 0.48 0.131 (0.004) 1.12
10863.7 0.055 (0.007) 0.052 (0.003) 0.96
11295.7 0.041 (0.001) 0.047 (0.003) 1.14
14218.0 0.124 (0.001) 0.076 0.62 0.120 (0.005) 0.97
16426.4 0.597 (0.006) 0.661 1.11 0.664 (0.023) 1.11
19741.1 0.133 (0.002) 0.120 0.90 0.136 (0.007) 1.02
19805.5 0.130 (0.002) 0.125 0.96 0.142 (0.007) 1.09
21879.1 0.235 (0.003) 0.212 0.91 0.247 (0.010) 1.05
25108.8 0.390 (0.010) 0.389 1.00 0.451 (0.007) 1.16
25424.2 0.289 (0.002) 0.341 1.18 0.342 (0.019) 1.18
32199.1 0.049 (0.002) 0.054 (0.007) 1.10
36210.9 0.278 (0.003) 0.292 (0.031) 1.05
37464.4 0.365 (0.009) 0.333 0.91 0.449 (0.025) 1.23
39036.8 0.103 (0.003) 0.115 (0.012) 1.12
40647.3 0.134 (0.005) 0.130 (0.016) 0.97
42071.1 0.734 (0.039) 0.738 1.01 0.829 (0.041) 1.13
47501.8 * 0.111 (0.002) 0.098 0.88 0.259 (0.021) 2.33
59220.7 0.644 (0.015) 0.672 1.04
63951.6 0.565 (0.015) 0.495 0.88
65996.0 1.375 (0.017) 1.295 0.94
70283.4 0.085 (0.003) 0.094 1.11
80366.7 2.141 (0.016) 2.158 1.01
83613.5 0.553 (0.285) 0.769 1.39
88444.2 1.156 (0.013) 1.005 0.87
91733.1 0.553 (0.114) 0.474 0.86
92612.0 1.436 (0.016) 1.339 0.93

114525.1 * 1.130 (0.018) 2.839 2.51
117978.3 1.017 (0.015) 0.853 0.84
124596.1 3.383 (0.033) 3.734 1.10
125235.6 7.225 (0.042) 7.375 1.02
140540.9 2.994 (0.032) 3.341 1.12
146272.3 4.983 (0.042) 5.742 1.15
151052.3 1.537 (0.023) 1.140 0.74
169431.7 0.815 (0.054) 1.120 1.37
198445.0 5.965 (0.056) 5.331 0.89

Table 3.11 The gGnG >  /G values from different 206Pb capture measurements. The resonances
indicated with an asterisk are doublets. The quoted uncertainties on the values obtained in
this work result from counting statistics only. The ratios between the values quoted in
[ALL73b] and [MIZ79] and the values obtained in this work are also given.
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Figure 3.35 The ratio between the 206Pb capture areas obtained at 125o and the area
determined by Mizumoto et al., as a function of the ratio of the capture areas at 125o and 90o.

In this work we applied the neutron sensitivity correction procedure proposed by Corvi (see

Eq. 3.25). This procedure, together with the neutron sensitivity of our detection system (see

section 3.3.5), is built into the REFIT code. In Fig. 3.30 we show the contribution of the

neutron sensitivity for the 25.4 keV and 160.2 keV resonances. The overall contribution to the

total resonance area is about 1 % and 3 % for the 25.4 keV and 160.2 keV resonance,

respectively. Using other RSA codes, such as SAMMY, the correction for neutron sensitivity

is not directly included in the resonance shape analysis. The contribution of the neutron

sensitivity is taken into account by correcting the radiation width using Eq. 3.26. For the data

shown in Fig. 3.30 the resulting radiation widths are 284.3 meV and 48.3 meV for the 25.4

keV and 160.2 keV resonances, respectively. These values deviate by 2 % and 10 % from the

radiation widths deduced with REFIT which are 291.0 meV and 53.5 meV. Therefore, also

radiation widths deduced from the data of Mizumoto et al. [MIZ79], Allen et al. [ALL73b]

and Macklin et al. [MAC64] could suffer from a systematic difference due to the neutron

sensitivity of the detection system and the method used to correct for it.

3.4.3 Partial capture cross sections

Partial capture cross sections were already reported by Biggerstaff et al. [BIG67] and

Mizumoto et al. [MIZ79]. From measurements with a Ge – detector, Mizumoto et al. [MIZ79]

concluded that the gamma-ray spectra of 9 resonances between 3.36 keV and 42.07 keV are
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composed of less than 5 discrete gamma cascades. These gamma cascades, together with the

details of the level scheme taken from Kadi et al. [KAD00], are shown in Fig. 2.5.

To verify these results, we unfolded the C6D6 spectra of some resonances using the response

functions determined by MCNP simulations. The C6D6 pulse height spectra corresponding to

selected TOF windows were extracted using the program AGL [BOR04d]. To obtain the pure

pulse height spectrum for a given resonance, the background spectrum obtained from two

background regions (at the left and right sides of the resonance) was subtracted. In total 22

spectra each associated with a single resonance below 70 keV were deduced. The

contributions of the cascade with a primary transition to the ground state and to the first and

second excited state, with E ?  = 6738, 6169 and 5841 keV, respectively, were determined by a

linear least square fit to the spectra using the expression:

2
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where Yexp is the experimental spectrum. The normalized response corresponding to the

primary transitions 6738, 6169 and 5841 keV are expressed as Yk with k = 1, 2 and 3,

respectively, and their contributions are defined by Ak. The responses Yk=1,2,3 were

determined by Monte Carlo simulations as discussed in section 3.3.3. The c2 is minimised for

events with an energy deposition above 3500 keV, a region which is dominated by the

contributions of the three aforementioned transitions.

We observed that only for the 11.29 keV, 16.42 keV, 19.74 and 65.99 keV resonances the

complete C6D6 spectrum could be described by the sum of contributions of Yk=1,2,3. For the

16.42 keV and 65.99 keV resonances this is illustrated in Fig. 3.36. The spectra for these

resonances were used in section 3.3.3 to validate the Monte Carlo simulations. For the other

resonances, the C6D6 spectrum can not be reproduced by contributions of these cascades only,

as suggested by Mizumoto et al. [MIZ79]. For example, for the 3.36 keV resonance about 40

% of the response results from cascades with a primary energy smaller than 5.8 MeV. The

structure of the C6D6 response functions does not allow to differentiate between the

contributions of other cascades, such as the transitions to the 
A

2
5

 and 
B

2
1  levels at 2623 keV

and 3299 keV, respectively. The result of the unfolding procedure for the 3.36 keV and 14.2

keV are shown in Fig. 3.37.
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Figure 3.36 The measured and fitted C6D6 spectra for several 206Pb resonances. The latter
ones are the sum of contributions Yk=1,2,3.
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Figure 3.37 The measured and fitted C6D6 spectra for several 206Pb resonances. The latter
ones are the sum of contributions Yk=1,2,3.

The relative contributions Ak=1,2,3, which are listed in Table 3.12, were normalized to the total

content of the C6D6 response. Table 3.12 also shows the total contribution of other primary

gamma rays, which can certainly not be neglected. Only for the 11.29 keV and 16.42 keV

resonances our data confirm the results of Mizumoto et al. [MIZ79], which are listed in Table

3.13. The gamma-ray resolving power of the Ge(Li) detector used by Mizumoto et al.
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[MIZ79] is far superior compared to the resolving power of the C6D6 detectors used in this

work. However, due to both the bad time resolution and the high neutron sensitivity of the

Ge(Li)-detector the gamma-ray spectra of Mizumoto et al. [MIZ79] can be contaminated by

the contribution of neighbouring resonances and neutrons scattered by the sample. For

example, Mizumoto et al. [MIZ79] were not able to resolve the resonance doublets around

19.8 and 25.2 keV.

E0 / keV EC  / keV
6737.9 6168.6 5840.8 other

3.358 40 (2) 5 (2) 15 (2) 40
10.864 85 (4) 15
11.296 100 (3) 0
14.218 12 (2) 58 (4) 30
16.426 75 (4) 25 (3) 0
19.741 25 (3) 70 (5) 5
19.806 65 (4) 35
21.879 8 (2) 47 (3) 45
25.109 52 (2) 8 (2) 40
25.424 10 (2) 65 (3) 25
32.199 5 (2) 15 (5) 75
36.211 8 (1) 70 (4) 7 (2) 15
37.464 25 (2) 50 (3) 25
39.037 3 (1) 27 (4) 48 (4) 22
40.647 22 (3) 60 (3) 18
42.071 15 (2) 60 (3) 25
47.502 8 (2) 55 (4) 15 (3) 22
53.905 10 (2) 30 (3) 35 (3) 25
59.221 8 (2) 54 (2) 38
63.952 45 (3) 10 (3) 45
65.996 100 (2) <4
66.584 3 (1) 50 (5) 37 (5) 10

Table 3.12 Relative photon intensities of g-rays from the 206Pb(n,g) reaction deduced in this
work.

The data reported in Table 3.12 reveal that, for the s-wave resonance at 65.99 keV, the

gamma cascade is almost completely dominated by the transition to the ground state. As it

will be shown in section 4.4.2, also the gamma cascade at thermal neutron energies is

dominated by the transition to the ground state. This behaviour is not confirmed by the

analysis of the gamma spectrum of the 16.42 keV s-wave resonance.
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E0 / keV EC  / keV
6737.9 6168.6 5840.8 4114.5 3439.4

3.36 76 (3) 2.5 (1) 8.5 (1) 13 (1)
10.86 100
11.29 100
14.21 26 (6) 74 (10)
16.42 77 (4) 19 (3) 4 (1)
19.80 48 (6) 52 (8)
21.87 100
25.20 49 (4) 35 (3) 16 (2)
42.07 100

Table 3.13 Relative photon intensities of g-rays from the 206Pb(n,g) reaction as reported in
[MIZ79].

For the p-wave resonances at 25.42 keV, 36.21 keV and 47.50 keV a strong contribution of

the primary gamma transition to the 569.7 keV 5/2- level is observed. Since these resonances

have a spin and parity J D  = 1/2-, we can conclude that the most prominent primary gamma

rays for these resonances are E2 transitions. In the literature only a limited number of E2

primary transitions following neutron capture have been reported [RAM78, RAM81, KÖH86,

KOP81, PRE84]. The observation of these transitions together with their relative strength

indicates that the strength of one primary transition cannot be used to determine its

multipolarity and hence the possible spin of a resonance. This is due to the Porter Thomas

width fluctuation of the partial radiation widths.

3.4.4 Resonance parameters for 206Pb

The final resonance parameters deduced from a simultaneous RSA of our capture and

transmission data below 620 keV are listed in Table 3.14.

The meaning of the symbols (1), (2) (3) and (4) used to flag some resonances in Table 3.14 is

the following:

(1) Resonances which were not previously observed

(2) Resonances which were previously quoted [MIZ79, HOR79, MED74, BAG71a], but

no resonance parameters were given

(3) Resonances for which the statistic was not enough for an accurate determination of the

capture area
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(4) Resonances previously quoted [MIZ79, HOR79, MED74, BAG71a] but not observed

in this work

For the resonances flagged by (1) and (2) we only report the resonance energy and the capture

area. For the resonances flagged by (3), only the energy is given. For the resonances flagged

by (4), the energy, taken from the ENDF/B-VI library [ENDFB], is given.

The quoted uncertainties on gGn and gG ?  result from counting statistics only. The systematic

uncertainty is within 1%.

Since our transmission data are limited to an energy up to 80 keV, we only adjusted the

neutron width for resonances below 80 keV. The neutron width for resonances above 80 keV

was kept fixed at the values listed in the ENDF/B-VI library. These neutron widths are

primarely based on the data of Horen et al. [HOR79,HOR81]. Except for the resonances at

42.07 keV and 59.22 keV, we adopted the spin and parity assignments from Horen et al.

[HOR79]. These assignments are based on the result of transmission and angular differential

elastic scattering measurements. In total 304 resonances have been observed in the energy

region up to 620 keV, while only 234 resonances were found by Horen et al.

[HOR79,HOR81]. Our capture data also confirm the presence of 39 resonances which were

observed in the photonuclear reaction data of Medsker and Jackson [MED74]. We did not

find an evidence for the resonances at 269.77 keV, 283.13 keV and 589.22 keV reported by

Horen et al. [HOR79]. For the resonances not observed by Horen et al. [HOR79,HOR81] we

only give the resonance energy and the capture area resulting from our capture measurements.

For 24 resonances we do not report the capture area since the uncertainty due to counting

statistics was too high.

The resonance energies are based on a calibration of the flight path length using the 59.50 eV

and 129.19 eV resonances of 232Th. These energies were determined previously relative to
238U at a 50 m transmission station of GELINA. For the 3.35 keV p-wave resonance we

deduced from a simultaneous analysis of the capture and transmission data E0 = 3357.6 (0.5)

keV. This value is in perfect agreement with the energy E0 = 3357.4 (0.4) keV, which is

considered as a neutron energy standard for TOF measurements [NEA92]. For the p- and d-

wave resonances the average ratio between the energies reported by Horen et al. [HOR79,

HOR81] with the energies obtained in this work is 0.99996 and 1.00031, respectively. The

average standard deviation of the ratio is about 0.1%. These differences are within the

expected uncertainty level due to the resolution of the TOF-spectrometer (see Fig. 3.1). For
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the s-wave resonances the average ratio is 1.004 with a standard deviation of 0.8%. Here a

systematic difference is not excluded since for s-wave resonances the energy obtained from

transmission are better determined due to presence of the interference term.

For the resonances at 10.9 keV, 11.3 keV, 16.4 keV, 19.8 keV, 32.2 keV and 39.0 keV we

could not deduce a radiation width from our capture data. For these resonances Gn << G ?  and

the capture data do not provide additional information with respect to the transmission data,

as discussed in section 2.6. When the total observed width is dominated by the width due to

the resolution broadening, which is the case for these resonances (see Fig. 3.1), the radiation

width can also not be deduced from a RSA of the capture data.
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Energy g J l gGn gGE gGnGE /G
eV eV eV eV

3357.6 2 1.5 1 0.570(0.004) 0.146(0.001) 0.116(0.001)

10863.7 2 1.5 1 0.065(0.006) 0.055(0.007)

11295.7 1 0.5 1 0.042(0.001) 0.041(0.001)

14218.0 1 0.5 1 1.559(0.026) 0.135(0.002) 0.124(0.001)

16426.4 1 0.5 0 0.788(0.005) 0.597(0.006)

19741.1 2 1.5 1 2.584(0.057) 0.140(0.002) 0.133(0.002)

19805.5 2 1.5 1 0.161(0.003) 0.130(0.002)

21879.1 2 1.5 1 1.749(0.056) 0.271(0.004) 0.235(0.003)

25108.8 2 1.5 1 1.240(0.061) 0.568(0.016) 0.390(0.010)

25424.2 1 0.5 1 48.860(0.102) 0.291(0.002) 0.289(0.002)

32199.1 2 1.5 1 0.053(0.002) 0.049(0.002)

36210.9 1 0.5 1 35.710(0.178) 0.280(0.003) 0.278(0.003)

37464.4 2 1.5 1 1.779(0.133) 0.460(0.011) 0.365(0.009)

39036.8 2 1.5 1 0.121(0.004) 0.103(0.003)

40647.3 1 0.5 1 0.884(0.125) 0.158(0.005) 0.134(0.005)

42071.1 3 1.5 2 1.966(0.163) 1.171(0.082) 0.734(0.039)

47501.8 1 0.5 1 83.160(0.286) 0.111(0.002) 0.111(0.002)

47544.0 0.102(0.007) (1)

53905.3 2 1.5 1 13.132(0.327) 0.159(0.003) 0.158(0.003)

59220.7 3 2.5 2 0.644(0.015) (2)

63951.6 3 2.5 2 3.330(0.328) 0.680(0.017) 0.565(0.015)

65996.0 1 0.5 0 82.210(0.414) 1.398(0.018) 1.375(0.017)

66584.3 2 1.5 1 19.062(0.475) 0.363(0.006) 0.356(0.006)

67493.2 2 1.5 1 0.029(0.003) (1)

70283.4 1 0.5 1 10.780(0.386) 0.086(0.003) 0.085(0.003)

78009.2 2 1.5 1 6.656(0.523) 0.058(0.005) 0.057(0.005)

80173.1 2 1.5 1 0.167(0.116) (1)

80366.7 2 1.5 2 14.000 2.526(0.022) 2.141(0.016)

80887.8 (1,3)

82714.0 0.201(0.117) (2)

82913.2 2 1.5 2 16.000 0.233(0.007) 0.230(0.007)

83613.5 0.553(0.285) (1)

86122.4 1 0.5 1 16.000 0.070(0.006) 0.070(0.005)

88444.2 3 2.5 2 24.000 1.214(0.014) 1.156(0.013)

90124.5 2 1.5 1 150.000 0.102(0.008) 0.102(0.008)

91733.1 0.553(0.114) (1)

92612.0 1 0.5 0 32.000 1.503(0.017) 1.436(0.016)

94742.9 2 1.5 2 14.000 0.578(0.008) 0.555(0.008)

99721.0 (1,3)

101209.2 3 2.5 2 24.000 0.280(0.004) 0.277(0.003)

104252.3 1 0.5 1 65.000 0.151(0.002) 0.150(0.002)

105149.7 (1,3)

109216.6 0.072(0.008) (1)

111139.3 2 1.5 1 60.000 0.155(0.002) 0.155(0.002)

113028.3 0.053 (1)
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Energy g J l gGn gGE gGnGE /G
eV eV eV eV

114359.1 2 1.5 1 5.000 1.148(0.123) 0.934(0.081)

114525.1 3 2.5 2 16.800 1.211(0.021) 1.130(0.018)

115728.0 2 1.5 1 11.400 0.169(0.009) 0.167(0.009)

117978.3 3 2.5 2 15.300 1.090(0.017) 1.017(0.015)

123119.4 1 0.5 1 35.000 0.129(0.010) 0.129(0.010)

123684.7 0.242(0.018) (1)

124596.1 2 1.5 1 300.000 3.678(0.040) 3.383(0.033)

124774.0 (1,3)

125235.6 2 1.5 2 42.000 8.726(0.061) 7.225(0.042)

126038.3 (1,3)

127884.5 0.073(0.015) (1)

140060.9 0.155(0.072) (1)

140540.9 2 1.5 2 206.000 3.038(0.032) 2.994(0.032)

140910.0 2 1.5 1 56.000 0.132(0.003) 0.132(0.003)

141947.4 (1,3)

142312.8 1 0.5 1 12.000 0.142(0.013) 0.140(0.012)

144709.4 2 1.5 2 6.200 0.284(0.017) 0.272(0.015)

146272.3 1 0.5 0 176.000 5.128(0.044) 4.983(0.042)

149896.2 2 1.5 1 1194.200 0.095(0.025) 0.095(0.025)

150622.0 1 0.5 1 4.400 0.263(0.016) 0.248(0.014)

151052.3 3 2.5 2 57.000 1.579(0.025) 1.537(0.023)

152097.9 3 2.5 2 1.500 0.254(0.016) 0.217(0.012)

153199.8 1 0.5 1 10.000 0.229(0.016) 0.224(0.016)

153458.2 0.168(0.014) (1)

155272.4 0.318(0.028) (1)

159973.3 2 1.5 1 136.000 0.107(0.013) 0.107(0.013)

161569.0 3 2.5 2 1.800 0.325(0.017) 0.275(0.012)

169431.7 0.815(0.054) (1)

172712.1 2 1.5 1 146.000 0.280(0.016) 0.280(0.016)

173705.4 2 1.5 2 94.000 0.705(0.021) 0.700(0.020)

175597.6 2 1.5 1 26.000 0.262(0.033) 0.260(0.032)

175920.0 (1,3)

177551.2 0.688(0.023) (2)

181121.7 2 1.5 1 54.000 0.233(0.016) 0.232(0.015)

183285.6 (2,3)

185275.4 (2,3)

189457.2 2 1.5 1 400.000 0.470(0.023) 0.470(0.023)

189793.5 0.043(0.034) (1)

191242.9 1 0.5 1 97.000 0.671(0.024) 0.667(0.024)

193416.8 0.114(0.016) (1)

196879.3 1 0.5 1 64.000 0.128(0.019) 0.128(0.019)

196904.7 0.127(0.021) (1)

198445.0 2 1.5 2 264.000 6.106(0.059) 5.965(0.056)

199677.4 0.249 (1,3)

200638.6 2 1.5 1 24.000 1.708(0.035) 1.595(0.030)
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Energy g J l gGn gGE gGnGE /G
eV eV eV eV

202965.2 0.140 (1,3)

204152.5 2 1.5 2 470.000 1.288(0.030) 1.284(0.030)

209508.7 1 0.5 0 2173.000 1.230(0.021) 1.229(0.021)

209946.1 (2,3)

211794.0 0.026 (1,3)

213789.8 2 1.5 2 44.000 0.910(0.026) 0.892(0.025)

217197.2 0.212(0.039) (1)

217215.5 2 1.5 1 20.000 0.171(0.020) 0.169(0.020)

217554.2 1 0.5 1 22.000 0.124(0.020) 0.123(0.020)

218053.5 1 0.5 1 6.200 0.092(0.018) 0.091(0.017)

220804.0 1 0.5 0 1407.000 0.698(0.048) 0.698(0.048)

223253.6 (1,3)

226036.6 0.330(0.050) (1)

227951.3 0.720(0.037) (2)

229011.2 2 1.5 1 70.000 0.083(0.020) 0.083(0.020)

230248.4 3 2.5 2 120.000 0.520(0.025) 0.518(0.024)

231212.4 0.471(0.040) (1)

233143.6 0.249(0.026) (1)

235422.0 2 1.5 2 214.000 2.740(0.048) 2.706(0.046)

239627.4 0.135(0.021) (1)

240746.3 0.378(0.033) (1)

241445.0 2 1.5 1 78.000 1.485(0.037) 1.458(0.035)

243208.2 0.763(0.035) (2)

244987.1 0.225(0.023) (1)

250818.3 3 2.5 2 156.000 0.528(0.028) 0.526(0.028)

253716.0 (1,3)

254703.3 0.139(0.029) (2)

257429.8 1 0.5 0 1427.000 0.889(0.059) 0.889(0.059)

260674.5 0.982(0.405) (2)

263092.5 2 1.5 1 108.000 0.238(0.028) 0.237(0.028)

265563.3 2 1.5 2 80.000 1.703(0.044) 1.667(0.042)

268387.3 2 1.5 1 212.000 0.123(0.028) 0.123(0.028)

269637.9 2 1.5 2 106.000 0.109(0.027) 0.109(0.027)

269770.0 1 0.5 0 (4)

271508.7 0.117(0.022) (1)

273603.1 (1,3)

274391.3 1 0.5 1 32.000 0.554(0.033) 0.545(0.032)

276567.1 2 1.5 2 224.000 6.540(0.083) 6.355(0.079)

278374.4 3 2.5 2 299.900 0.902(0.041) 0.899(0.041)

280579.2 1 0.5 1 171.000 1.139(0.046) 1.132(0.046)

283130.0 2 1.5 1 (4)

289501.9 1.320(0.052) (2)

292044.6 0.337(0.036) (1)

293878.3 2 1.5 1 220.000 0.112(0.032) 0.112(0.032)

295193.5 (1,3)
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Energy g J l gGn gGE gGnGE /G
eV eV eV eV

297684.5 1 0.5 0 113.000 1.282(0.046) 1.268(0.045)

298593.7 (1,3)

299689.5 1 0.5 1 62.000 1.028(0.047) 1.011(0.045)

299736.1 (1,3)

303828.2 (1,3)

306399.9 1 0.5 1 73.000 0.154(0.031) 0.154(0.031)

311404.9 3 2.5 2 6.600 0.168(0.032) 0.164(0.031)

313281.8 2 1.5 2 44.000 2.502(0.065) 2.367(0.058)

314263.4 3 2.5 2 536.700 2.525(0.063) 2.513(0.062)

317082.6 (1,3)

319233.9 2 1.5 2 328.000 1.791(0.056) 1.782(0.056)

320657.0 (1,3)

324391.9 2 1.5 1 109.900 0.505(0.040) 0.503(0.039)

325567.6 1 0.5 1 49.000 0.155(0.036) 0.155(0.035)

328189.8 2 1.5 1 88.100 1.092(0.052) 1.078(0.051)

328424.0 3 2.5 2 18.900 0.723(0.053) 0.697(0.049)

330412.1 0.202(0.061) (1)

333062.8 1.597(0.057) (1)

335563.8 0.271 (1)

336631.9 2 1.5 2 255.800 0.374(0.043) 0.374(0.042)

339209.1 3 2.5 2 47.900 0.720(0.047) 0.710(0.045)

340130.5 1 0.5 0 10870.000 4.670(0.048) 4.668(0.048)

340204.7 3 2.5 2 48.000 0.291(0.044) 0.289(0.043)

341779.5 2 1.5 2 347.800 1.354(0.060) 1.349(0.060)

343969.5 2 1.5 2 169.900 0.273(0.047) 0.273(0.047)

345286.3 3 2.5 2 227.900 1.142(0.053) 1.136(0.052)

346588.0 0.241(0.077) (1)

348017.8 0.183(0.045) (1)

350810.5 2 1.5 2 423.800 4.010(0.087) 3.972(0.085)

355634.2 1 0.5 0 5302.000 5.870(0.170) 5.865(0.170)

356688.9 3 2.5 2 92.900 1.707(0.069) 1.676(0.067)

357730.4 2 1.5 2 909.400 1.900(0.081) 1.896(0.081)

361692.4 1 0.5 1 80.000 0.518(0.056) 0.515(0.055)

362440.7 2 1.5 2 195.900 1.292(0.063) 1.283(0.062)

362956.8 2 1.5 1 72.000 0.533(0.056) 0.530(0.055)

363764.0 2 1.5 1 67.900 0.283(0.045) 0.282(0.045)

368380.1 0.450(0.128) (1)

370277.4 2 1.5 2 90.000 0.959(0.059) 0.949(0.058)

371089.3 1 0.5 1 40.000 0.151(0.047) 0.151(0.047)

374553.0 0.498(0.062) (1)

376643.9 3 2.5 2 572.700 0.522(0.058) 0.522(0.058)

378157.9 1 0.5 0 4419.000 2.870(0.047) 2.869(0.047)

378196.2 0.478 (1)

383981.9 3 2.5 2 843.000 1.295(0.069) 1.293(0.069)

385451.0 1 0.5 1 157.100 0.466(0.056) 0.464(0.056)
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eV eV eV eV

386782.4 2 1.5 2 158.000 1.996(0.082) 1.971(0.080)

389555.5 1 0.5 0 4365.000 2.443(0.135) 2.442(0.135)

393351.7 0.657(0.115) (1)

396766.0 1.933(0.108) (1)

400101.6 3 2.5 2 414.900 2.036(0.076) 2.026(0.075)

403848.7 1 0.5 1 173.000 0.565(0.061) 0.564(0.061)

405751.7 3 2.5 2 306.000 5.619(0.111) 5.515(0.107)

407142.6 2 1.5 2 141.900 5.448(0.114) 5.245(0.106)

408039.2 1 0.5 1 44.000 0.548(0.065) 0.542(0.064)

412273.7 1 0.5 1 126.000 0.456(0.059) 0.454(0.058)

414769.4 2 1.5 2 99.900 1.832(0.082) 1.799(0.079)

416248.9 3 2.5 2 920.700 6.150(0.123) 6.110(0.121)

417032.9 1 0.5 0 6341.000 5.125(0.229) 5.120(0.229)

420076.2 3 2.5 2 102.000 0.950(0.072) 0.942(0.071)

421560.7 0.244(0.171) (1)

425900.0 2 1.5 2 1043.000 5.170(0.132) 5.145(0.131)

426498.4 3 2.5 2 50.900 1.093(0.092) 1.070(0.088)

427947.2 1 0.5 1 127.800 0.435(0.065) 0.433(0.065)

429864.4 1 0.5 0 129.000 0.772(0.065) 0.767(0.064)

433258.7 3 2.5 2 140.900 8.022(0.147) 7.590(0.132)

433849.5 2 1.5 2 116.100 2.104(0.120) 2.067(0.116)

435429.9 1.640(0.311) (1)

438150.6 0.357(0.227) (1)

439366.3 1 0.5 1 36.000 0.516(0.065) 0.509(0.063)

441141.9 2 1.5 2 218.000 0.936(0.082) 0.933(0.082)

442013.2 3 2.5 2 42.000 3.252(0.105) 3.019(0.091)

444269.1 3 2.5 2 32.900 0.397(0.058) 0.392(0.057)

445441.3 2 1.5 1 353.400 0.232(0.063) 0.232(0.063)

446326.5 3 2.5 2 35.900 0.616(0.074) 0.606(0.072)

448619.2 0.197(0.156) (1)

452003.3 3 2.5 2 108.100 1.541(0.094) 1.519(0.091)

452194.9 2 1.5 2 87.900 0.390(0.129) 0.388(0.128)

452602.2 3 2.5 2 16.500 1.996(0.122) 1.781(0.097)

453413.4 1 0.5 1 59.000 0.394(0.070) 0.391(0.069)

454507.7 2 1.5 1 50.000 0.224(0.022) 0.223(0.022)

455470.8 1 0.5 0 42.000 1.980(0.091) 1.891(0.083)

458225.4 1 0.5 1 43.000 0.305(0.059) 0.302(0.059)

459949.8 3 2.5 2 48.000 0.341(0.059) 0.338(0.058)

461730.6 2 1.5 1 30.000 0.100(0.060)

462155.3 3 2.5 2 27.000 0.486(0.054) 0.478(0.052)

466008.9 171.500(3.788) (1)

467507.4 2 1.5 1 180.000 12.316(1.848) 11.525(1.619)

470955.1 2 1.5 2 321.800 5.848(0.130) 5.745(0.125)

471787.1 2 1.5 1 124.000 0.044

472764.7 3 2.5 3 123.000 1.157(0.074) 1.147(0.072)



117

Energy g J l gGn gGE gGnGE /G
eV eV eV eV

474874.0 (2,3)

476608.1 1 0.5 0 373.700 2.751(0.107) 2.731(0.105)

478304.6 1 0.5 1 0.775(0.164) (1)

481346.7 1 0.5 0 9061.000 1.781(0.518) 1.781(0.518)

481720.0 2 1.5 1 0.517 (1)

483732.4 1 0.5 1 101.900 0.835(0.077) 0.828(0.076)

485487.6 3 2.5 2 98.900 2.699(0.099) 2.627(0.094)

488593.4 0.355(0.152) (1)

489497.6 3 2.5 2 42.100 0.868(0.629)

490504.2 2 1.5 2 147.900 6.654(0.184) 6.370(0.168)

493561.5 3 2.5 2 86.900 1.053(0.077) 1.040(0.076)

495962.0 2 1.5 2 38.000 1.539(0.092) 1.479(0.085)

498024.5 1 0.5 1 289.400 1.151(0.084) 1.147(0.083)

501377.6 2 1.5 1 52.100 1.387(0.121) 1.351(0.115)

501990.9 3 2.5 2 456.000 3.717(0.136) 3.687(0.134)

503105.1 2 1.5 2 64.100 1.397(0.100) 1.368(0.095)

504224.1 0.716(0.118) (1)

506718.5 1.344(0.177) (2)

510006.5 3 2.5 2 267.000 1.834(0.126) 1.821(0.124)

510619.1 2 1.5 2 171.900 2.784(0.149) 2.740(0.144)

511396.1 3 2.5 2 47.900 2.607(1.429)

511396.8 2 1.5 1 246.000 0.414

511780.5 1 0.5 0 160.000 2.626(0.152) 2.584(0.147)

513593.4 1 0.5 1 4.200 0.512(0.094) 0.456(0.075)

515548.2 3 2.5 2 20.400 0.586(0.081) 0.570(0.076)

517677.1 1 0.5 1 110.200 1.069(0.091) 1.059(0.089)

519140.0 3 2.5 2 65.900 0.658(0.069) 0.652(0.068)

520483.1 3 2.5 2 562.800 0.521(0.094) 0.520(0.094)

521695.8 1 0.5 0 55.000 3.177(0.132) 3.003(0.118)

523729.4 2 1.5 2 321.800 3.212(0.121) 3.181(0.118)

529837.5 3 2.5 2 53.800 0.307(0.084) 0.305(0.083)

530769.4 1 0.5 0 390.500 0.979(0.106) 0.977(0.106)

532054.4 3 2.5 2 101.800 1.475(0.105) 1.454(0.102)

533729.7 3 2.5 2 179.900 3.168(0.120) 3.113(0.116)

535613.8 1 0.5 1 62.100 0.558(0.084) 0.554(0.083)

537403.8 2 1.5 1 126.200 0.486(0.083) 0.484(0.082)

539133.6 3 2.5 2 92.400 0.769(0.060) 0.763(0.059)

541301.4 2 1.5 2 1032.600 1.396(0.110) 1.395(0.110)

544008.3 1.401(0.180) (1)

546997.4 3 2.5 2 22.000 0.608(0.054) 0.592(0.051)

548171.3 1 0.5 0 3096.000 3.121(0.196) 3.118(0.195)

549940.4 2 1.5 1 63.900 0.305(0.091) 0.304(0.090)

551677.9 3 2.5 2 155.800 1.622(0.102) 1.606(0.100)

555776.3 2 1.5 2 26.100 0.612(0.090) 0.599(0.086)

557642.0 1 0.5 1 120.100 1.646(0.103) 1.624(0.100)
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559460.8 0.540(0.108) (1)

561436.7 0.534(0.103) (1)

563623.7 2 1.5 1 506.400 2.118(0.119) 2.110(0.118)

564809.3 1 0.5 1 14.000 1.113(0.124) 1.031(0.106)

566293.6 3 2.5 2 30.000 2.887(0.141) 2.634(0.117)

568559.4 0.780(0.248) (1)

570745.7 2 1.5 2 112.000 0.852(0.162) 0.846(0.160)

572598.5 3 2.5 2 2382.000 13.938(0.269) 13.855(0.266)

577460.6 3 2.5 2 86.900 0.360(0.108) 0.358(0.107)

578533.4 2 1.5 2 71.900 0.588(0.095) 0.583(0.094)

579662.4 2 1.5 2 46.000 1.730(0.135) 1.668(0.125)

580626.7 3 2.5 2 623.100 1.662(0.127) 1.658(0.127)

582205.6 2 1.5 1 222.000 0.691(0.103) 0.689(0.102)

584282.9 1.551(0.142) (1)

586909.0 0.522(0.207) (1)

589220.0 1 0.5 1 (4)

591153.1 3 2.5 2 303.000 1.885(0.122) 1.874(0.120)

592703.6 1.464(0.209) (1)

595426.3 3 2.5 2 33.000 2.264(0.140) 2.119(0.123)

596042.8 1 0.5 1 84.000 0.715(0.138) 0.709(0.136)

597325.8 2 1.5 1 221.800 2.760(0.148) 2.727(0.144)

598130.5 3 2.5 2 86.900 2.030(0.122) 1.984(0.116)

600060.4 2 1.5 1 44.000 0.748(0.109) 0.736(0.106)

601679.8 3 2.5 2 10.500 0.716(0.118) 0.670(0.103)

603143.9 2 1.5 2 84.000 1.162(0.114) 1.147(0.111)

605642.5 1 0.5 1 75.000 1.205(0.116) 1.186(0.112)

608557.3 2 1.5 2 653.600 4.406(0.178) 4.377(0.175)

609877.4 1 0.5 0 3144.000 3.793(0.165) 3.788(0.165)

611420.1 2 1.5 2 399.200 4.722(0.198) 4.667(0.193)

612276.6 (1,3)

612286.8 2 1.5 2 420.200 3.982(0.208) 3.945(0.204)

614093.1 3 2.5 2 383.400 1.877(0.157) 1.869(0.156)

615481.4 3 2.5 2 1127.700 3.525(0.204) 3.514(0.203)

615938.1 2 1.5 2 249.800 2.626(0.189) 2.599(0.185)

616864.1 2 1.5 1 142.100 1.081(0.154) 1.073(0.151)

618408.7 3 2.5 2 18.900 1.590(0.146) 1.467(0.124)

618541.0 2 1.5 2 37.800 0.552(0.132) 0.544(0.128)

Table 3.14 Resonance parameters for 206Pb+n up to 620 keV.
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4 DETERMINATION OF THE 206Pb(n,g) AND 209Bi(n,g) CROSS
SECTION AT THERMAL ENERGY

A set of resonance parameters is only complete when the resulting differential cross sections

as a function of the neutron energy are consistent with the total and partial cross sections at

thermal neutron energy. To complement the high resolution cross section measurements for
206Pb, discussed in Chapter 3, and the 209Bi data reported by Mutti [MUT97], we determined

the thermal capture cross section for the 206Pb(n,g) and 209Bi(n,g) reactions at the cold neutron

beam of the Budapest Neutron Centre (BNC). These experimental data are used to improve

the database of partial capture cross sections for Prompt Gamma Neutron Activation Analysis

applications [REV03,MOL04].

The first direct measurement of the neutron capture cross section for the 209Bi(n,g)210mBi

reaction to the isomeric state was performed in 2002 at the Institut Laue Langevin (ILL) in

Grenoble by Letourneau et al. [LET02]. In the same experiment, the cross section for the total

neutron capture 209Bi(n,g)210m+gBi and the reaction to the ground state 209Bi(n,g)210gBi were

determined by the detection of prompt gamma rays following neutron capture. Other

experimental data for the 209Bi(n,g)210m+gBi reaction result from pile oscillator measurements,

performed between 1950 and 1960 [HAR50,LIT53,HOR57,TAT60]. In the pile oscillator

measurements, a sample of the material under investigation is moved in and out of a reactor.

The absorption cross section of a sample is deduced from the amplitude of the flux oscillation

in proximity of the sample. For the 209Bi(n,g)210mBi reaction only activation measurements

were performed by Seren et al. in 1947 [SER47], Colmer et al. in 1950 [COL50] and most

recently by Takiue et al. in 1978 [TAK78]. The total capture cross section determined at the

ILL is about 4% higher than the value quoted in the most recent compilation of Mughabghab

[MUG03]. The branching ratio deviates by 20% and 37% from the data in the evaluated data

files [RNAL] and [YAM89], respectively. To verify the data obtained by Letourneau et al.

[LET02] we performed similar measurements at the cold neutron beam of the BNC. While in

[LET02] the deduced cross sections are based on the use of chlorine as comparator, our

results are relative to the nitrogen cross section. Moreover, as it will be explained in Section

4.4.1, the sample and geometry used in [LET02] may have introduced systematic

uncertainties in the results.

The experimental data for the thermal neutron capture cross section of 206Pb(n,g) are rather

scarce. All data originate from measurements with a natural lead sample or a radiogenic
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sample, containing 24.1% and 88.2% of 206Pb respectively. There exists only one direct

measurement of the thermal capture cross section of 206Pb based on the detection of prompt

gamma rays [BLA02]. The results of these measurements deviate by 3% and 14% from the

values deduced from pile oscillator measurements by [AIT52] and the data of Jurney et al.

[JUR63], respectively. The latter are based on a combination of pile oscillator and prompt

gamma detection measurements. Like for the 209Bi(n,g) cross section, we measured the

capture cross section for 206Pb in the same measurement conditions in order to improve the

thermal capture cross section data for 206Pb. Besides measurements on a lead-nitrate sample

we also performed measurements on a highly enriched 206Pb (99.82%) sample.

4.1 Experimental facility at the Budapest Neutron Centre

The capture cross sections for the 206Pb(n,g), 209Bi(n,g)210Bi, 209Bi(n,g)210mBi and
209Bi(n,g)210gBi reactions were determined at the guided, cold neutron beam of the BNC

[REV04]. The thermal neutron facility at the BNC [BEL96] was operating from 1996 to 2000.

Though the equivalent thermal neutron flux was rather low (4 � 106 cm-2s-1), the facility

provided ideal conditions for the investigation of radiative neutron capture [MOL97]. In 2001,

a cold neutron source, using liquid hydrogen, was installed in the reactor. The neutron guide

system was also upgraded with super-mirrors [ROS02]. Thanks to these modifications the

neutron flux increased by more than an order of magnitude. The equivalent thermal neutron

flux is 108 cm-2 s-l at the end of the neutron guide [BEL03]. The neutron beam at the end of

the guide serves two facilities (see Fig. 4.1):

- The Prompt Gamma Activation Analysis (PGAA) facility, which is dedicated for non-

destructive analysis of elemental composition by observing prompt g-rays following

neutron capture [MOL93].

- The Neutron Induced Prompt gamma-ray Spectroscopy (NIPS) facility, which has been

designed for a large variety of experiments involving neutron induced prompt and delayed

g-radiation and g-g coincidences [EMB04].

At the end of the neutron guide a double beam shutter is installed, which connects the neutron

guide with a 3 m long aluminium tube which has a cross section of 10 � 2.5 cm2. This tube

can be evacuated independently from the neutron guide system and is internally lined with a
6LiF loaded-polymer to absorb neutrons scattered by the target. The guided neutron beam is

then divided into two beams of a smaller cross section by a collimator placed at the end of the
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aluminium tube. The upper beam is used for the PGAA facility and the lower for the NIPS

station. The equivalent thermal neutron flux at the PGAA and NIPS sample positions is 5�107

cm-2s-1 and 3�107 cm-2s-1, respectively. Both beams can be individually collimated to a cross

section of 2�2 cm2 or 1�1 cm2. The neutron flux profile at the PGAA sample position is

plotted in Fig. 4.2. The experimental area is enclosed in an air conditioned cabin and

surrounded by iron netting to shield the area from external electronic noise.
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Figure 4.1 The experimental area for the PGAA and NIPS stations.
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Figure 4.2 The neutron flux profile at the sample position of the PGAA facility as a function
of the distance from the centre of the sample.
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The PGAA target chamber is placed at 1.5 m distance from the end of the guide. The samples

are placed in an evacuated sample chamber, which is lined with a 6LiF loaded-polymer to

minimise the background produced by neutrons scattered by the target. The targets are

suspended on an aluminium sample holder frame by thin Teflon strings and can be placed

perpendicularly, parallel or at an angle of 30° with respect to the neutron beam direction. To

reduce the background induced by neutrons, the chamber is kept under vacuum. The prompt

gamma rays following neutron capture reach the detector through a lead collimator, which is

10 cm long and has a diameter of 2 cm. This geometry minimises the sum coincidence effects

and also reduces the geometry dependence of the detection efficiency below about 0.1%.

The basic instrument of the PGAA facility consists of a n-type high-purity coaxial germanium

(HPGe) detector, which is placed inside a BGO scintillator guard acting as an active Compton

suppression system. The complete detection system is surrounded by a 10 cm thick lead

shielding. A schematic view of the HPGe-BGO detector assembly is shown in Fig. 4.3.

Figure 4.3 A cross sectional view of the HPGe-BGO gamma spectrometer.

For the 60Co 1332 keV gamma ray the HPGe detector has an energy resolution of 1.8 keV, a

relative detection efficiency of 25% and a peak-to-Compton ratio of 50. The BGO detector

has been modelled after the one used at JAERI, Tokai [YON93]. It consists of an octally split

nose corn-shaped annulus and two back catcher crystals. With the present set-up the Compton

background of the 60Co 1332 keV full-energy peak can be suppressed by a factor 5. The

Compton suppression becomes more effective for higher energies as is illustrated in Fig. 4.4.
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This figure compares the gamma spectra resulting from neutron capture in a CCl4 sample with

and without Compton suppression.
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Figure 4.4 A normal and a Compton-suppressed spectrum of a CCl4 sample taken with the
PGAA detection system.

The NIPS station is at a distance of 1 m downstream from the PGAA station. The beam is led

through a narrow tube with a 5�5 cm2 cross section. To study the low energy spectra we

installed a planar HPGe detector at the NIPS station. The detector had a 0.5 mm thick

beryllium entrance window and an energy resolution of 0.6 keV (FWHM) at 122 keV (57Co).

Since the detection efficiency of the PGAA facility is known very accurately [MOL02a], we

preferred to use the data taken with the coaxial detector to determine the final cross sections.

The spectra taken with the planar detector, which has a better energy resolution, were only

used to verify that no multiplet structures were present in the low energy spectrum.

4.2 Gamma spectrum analysis

The analysis of a gamma-ray spectrum requires an accurate knowledge of the response of the

gamma-ray spectrometer to a mono-energetic gamma ray. A variety of analytical functions

have been proposed to represent the shape of a gamma-ray peak resulting from measurements

with a germanium detector. A review of different line shapes for different detectors is given

by Helmer and Lee [HEL80]. Quite a few fully developed software packages, based on

different line shape functions, are available to perform the analysis of the spectra measured

with germanium detectors. In an intercomparison exercise organised by the IAEA in 1995, 12
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PC-based programs were tested using seven reference spectra [BLA97]. It was found that

within 1% all programs yield peak areas without any bias and no strong dependence on the

peak shape model was found.

At the BNC an interactive fitting code, called Hypermet-PC, has been developed for the

analysis of the gamma-ray spectra. This code was also used in the above mentioned

intercomparison exercise. The core of the software is the well-known program HYPERMET

developed by Philips and Marlow [PHI76]. The original code has been rewritten in Borland

C++, put in an advanced, user-friendly graphics environment, and completed with a built-in

database, quality assurance, calibration and nuclide identification modules. Within the

program one can also correct the peak energies for non-linearity effects and the intensities for

the detection efficiency. More details on the code can be found in [FAZ96] and [FAZ97].

The full-energy peak for a gamma ray with an energy E0 is represented by the linear sum of a

standard Gaussian and a low energy exponential tail:
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The first term represents the full-energy deposition and the second accounts for the

incomplete charge collection. The total area, peak position and width of the Gaussian are

defined by the parameters Ag0, E0 and s0, respectively. The parameters At0 and b0 are the total

area and slope of the exponential tail function. To account for the finite resolution of the

detector, the tail function is folded with a Gaussian with a width s0. The background

contribution can be adjusted by the sum of a first or second order polynomial function, a step

function and a long “ tail”  function, resembling a sharp Compton edge:
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The parameter bL is the slope of the exponential long tail function. Both, the step and tail

function are centered around the peak position E0 of the main Gaussian and folded with a

Gaussian with a width s0. An example of the peak response of a Ge detector with the

background given by a step function is shown in Fig. 4.5.
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Figure 4.5 The response of a Ge detector to a mono-energetic photon beam. The background
is given by a step function.

The shape parameters for the full-energy peak and the background are determined by a non-

linear fit for each separate region in the spectrum. The initial values for the peak width are

obtained from the relation:

0100 Ea+a=s 4.3

where the parameters a0 and a1 can be determined by the widths of two distant peaks in the

spectrum. The shape parameters are not fixed, but they are varied within user defined

uncertainty limits with respect to the initial values. Within each region, the peak shape is

determined by the strongest peak. This constraint can be lifted when necessary, e.g. in the

case of a multiplet containing the annihilation peak.

The total full-energy peak intensity, which is defined by the sum of Ag0 and At0, can be

corrected for the relative detection efficiency of the spectrometer. For the coaxial detector this

relative detection efficiency e is accurately described by a sum of polynomials on a log-log

scale:

Ê=e
i

i
i )E(lnaln 4.4

A simultaneous analysis of experimental data from calibrated multigamma sources (i.e. 56Co,
60Co, 133Ba, 152Eu, 182Ta) and gamma rays from standard neutron capture reactions (i.e.
14N(n,g), 35Cl(n,g) and 47Ti(n,g) [MOL02a,b] results in accuracies better than 0.5% between
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100 keV and 3500 keV and better than 1% up to 6000 keV [MOL02c]. The absolute full-

energy peak efficiencies for the PGAA and NIPS stations are shown in Fig. 4.6.
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Figure 4.6 The full-energy detection efficiency as a function of gamma-ray energy for the
PGAA and NIPS stations.
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Figure 4.7 The non-linearity curves for the PGAA and NIPS stations.

Accurate gamma ray energies are obtained by correcting the peak positions for system non-

linearities [FAZ99]. When constructing the energy non-linearity function, long-term

instabilities of the system may result in peak shifts, which make the results from independent

measurements difficult to combine. To overcome this problem, a new non-linearity
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calibration procedure using radioactive sources and capture g-rays of well-known energies has

been introduced by Fazekas et al. [FAZ99]. When the non-linearity function is combined with

the usual linear energy calibration for strong g-peaks, an energy precision of 0.01 - 0.1 keV

can be achieved depending on the statistics [FAZ99]. The non-linearity functions are

determined periodically, at the beginning of each reactor period. The non-linearity curves for

the coaxial and planar detector are shown in Fig. 4.7.

4.3 Principles and data analysis

The full-energy net peak area, SFE(EJ), of a prompt gamma-ray with energy EJ, detected after

neutron capture by a nucleus X and corresponding to a transition J, is given by [MOL04]:

TAn
1

)E,,(F)E(
)E(S XcXJX

JX

JtotJ
JFE jsb+a

mse= 4.5

with:

- T the total measurement time,

- j is the neutron fluence rate,

- A is the effective area of the neutron beam (intersection between sample and beam),

- nX is the target thickness in atoms per barn,

- scX is the total capture cross section,

- bJX is the branching ratio of the transition J with gamma energy E G ,
- aJX is the internal conversion coefficient of the transition J,

- F(stot, m, EJ) is a correction factor accounting for the influence of neutron self-shielding,

depending on the total cross section stot, and the attenuation m of the g-rays in the sample,

and

- e(EJ) is the full-energy detection efficiency.

The product of the cross section and the branching ratio represents the partial cross section,

sJX, for transition J:

cXJJXJJX )E()E( sb=s 4.6

The ratio of the net peak areas of gamma rays, corresponding to the transition J and K, for two

different isotopes X and C, corrected for the detection efficiency, the factor F and the internal

conversion, defines the ratio of the partial cross sections for these transitions:
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Therefore, an unknown partial cross section can be obtained from this ratio when the partial

cross section of the comparator C is used as a standard. Supposing that for both the unknown

and the comparator the capture cross sections behave as 1/v, the use of the thermal capture

cross section for the comparator results in the thermal value for the X(n,g) capture cross

section. As shown in Chapter 2, the capture cross section for a s-wave resonance results in a

1/v energy dependence in the low energy region. This assumption is justified for nuclei which

do not have strong low energy s-wave resonances. The 1/v behaviour of the capture cross

section can be verified on the basis of the Westcott factor gw [MUG84]. The gw factor is the

ratio of the Maxwellian averaged cross section to the cross section at thermal energy. It can be

shown that, if the cross section varies as 1/v, gw = 1.

When a stoichiometric compound is used as sample, the ratio of the number of nuclei of the

isotope under investigation and the comparator is defined by the stoichiometry of the

compound. In addition, the ratios of the effective measurement time; the effective area; the

neutron fluence rate; and the self-shielding cancel out. Therefore the use of a stoichiometric

compound, which includes both the nucleus under investigation and the comparator, largely

reduces systematic uncertainties [MOL02c,REV02a] related to sample characterisation,

geometry, flux normalization, detection efficiency, dead time effects, neutron self-shielding

and g-attenuation. Accurate partial cross sections of the comparator are reported by Révay and

Molnár [REV03].

The total capture cross section can be determined by summing up the partial cross sections of

all known primary g-rays depopulating the capture state or by measuring all the gamma rays

feeding the ground state. The former is often used to determine capture cross sections of light

nuclei (see e.g. Ref. [NAG94]) and the latter has been proposed by Coceva [COC94]. These

methods will be applied to deduce the capture cross sections.
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4.4 Results

4.4.1 The 209Bi(n,g) capture measurements

In Table 4.1 we list the characteristics of the samples, which were used for the 209Bi(n,g)
measurements. Natural bismuth is mono-isotopic and consists for 100% of 209Bi. The

measurements of the compound nitrate sample were used to transform the full-energy net

peak areas of the most intense primary gamma rays into partial cross section data using

nitrogen as a comparator. The measurements of the pure Bi metal discs, together with a

background run without sample, were performed to identify the primary g-rays resulting from

the 209Bi(n,g) reaction and to determine the partial cross sections for the low energy gamma

rays. In Fig. 4.8 the level scheme for the 210Bi is shown. In Fig. 4.9 the gamma-ray spectra of

the pure Bi disc and bismuth nitrate target are compared.
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Figure 4.8 A representation of the 210Bi level scheme. Only the most intense primary
transitions are given. The 319.7 keV transition to the ground state and the 162.1 keV
transition to the isomeric state are also shown.
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Sample Shape
Diameter

(mm)

Thickness

(mm)

Total Weight

(g)

209Bi Metal disc 20 0.5 1.5044
209Bi (92.5 wt %) + natAg (7.5 wt %) Metal disc 20 0.5 1.432
natAg Metal disc 20 0.08 0.2566

Bi(NO3)3 xH2O Pressed Powder (in Teflon bag)

Table 4.1 Characteristics of the samples used for the determination of the cross sections of
the 209Bi(n,g)210m+gBi, 209Bi(n,g)210mBi and 209Bi(n,g)210gBi reactions at the cold neutron beam
of the BNC.
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Figure 4.9 A comparison of the gamma-ray spectrum of a pure Bi target (grey) with the
spectrum obtained from the Bi(NO3)3 xH2O target (black).

The correction factor F(stot, m, EJ) for the bismuth nitrate sample was verified with the
14N(n,g) net peak areas corrected for efficiency and branching ratios, which were taken from

[MOL02b]. Above 2 MeV this factor was close to unity. For the metal Bi disc we determined

the factor from the ratio of the net peak areas resulting from measurements with a
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homogeneously mixed natAg-209Bi disc and a pure, thin natAg disc for which one can assume

that F(E G J) = 1. This ratio is shown in Fig. 4.10 and was fitted using the expression:

I
3EC

21
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-Ag
eCC

)EF(
1

)E(S

)E(S -
-

+== 4.8,

with Cj = 1, 2, 3 adjustable parameters. The result of the fit shows that, for high energy gamma

rays, the factor F(E G J) approaches 1.
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Figure 4.10 The ratio of the full-energy net peak areas resulting from measurements with the
209Bi-natAg sample and the natAg sample (see Table 4.1). The line shows the result of the fit
using Eq. 4.8.

In Table 4.2 and 4.3 we list the energies and intensities of the observed gamma rays. The

intensities are normalized to the intense well-isolated g-ray line at 4055 keV. The gamma-ray

energies have been deduced by applying the correction for non-linearity effects in the

calibration [FAZ99]. In Table 4.2 we compare the relative intensities of the primary g-rays

obtained in this work with the experimental data reported in [TSA83] and the evaluated data

in the Evaluated Nuclear Structure Data File (ENSDF) [PGAA]. The intensities resulting

from the two different samples are in good agreement. Within the quoted uncertainties our

data are also in agreement with the data of [TSA83] and the ENSDF data [PGAA].
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ENSDF Bi-disc Bi(NO3)3 xH2O [TSA83]

E G  / keV I G E G  / keV I G E G  / keV I G I G

2496.7 0.016 2496.6 (0.1) 0.017 (0.001) 2496.4 (0.4) 0.012 (0.003)

2505.6 0.103 2505.4 (0.1) 0.143 (0.003) 2505.4 (0.1) 0.146 (0.004) 0.190 (0.028)

2570.7 0.021 2570.8 (0.1) 0.021 (0.002) 2570.8 (0.2) 0.020 (0.002)

2588.5 0.008

2598.5 0.103 2598.3 (0.1) 0.115 (0.003) 2598.3 (0.1) 0.117 (0.004)

2614.6 0.012 2614.7 (0.1) 0.045 (0.002) 2614.8 (0.2) 0.031 (0.003)

2624.4 0.140 2624.4 (0.1) 0.105 (0.003) 2624.2 (0.1) 0.120 (0.004) 0.140 (0.024)

2707.3 0.016

2828.2 0.161 2828.5 (0.1) 0.133 (0.003) 2828.5 (0.1) 0.126 (0.010) 0.160 (0.020)

2897.9 0.078 2898.4 (0.1) 0.059 (0.002) 2897.9 (0.1) 0.075 (0.003) 0.077 (0.018)

3081.3 0.074 3081.3 (0.1) 0.061 (0.002) 3081.4 (0.1) 0.062 (0.003) 0.075 (0.016)

3141.8 0.033 3141.7 (0.1) 0.022 (0.002) 3141.4 (0.3) 0.019 (0.003) 0.034 (0.015)

3214.8 0.049 3214.7 (0.1) 0.045 (0.002) 3214.4 (0.1) 0.043 (0.004) 0.063 (0.014)

3230.8 0.025 3231.1 (0.1) 0.016 (0.001) 3230.8 (0.2) 0.024 (0.003)

3258.7 0.008

3269.5 0.012 3268.6 (0.1) 0.025 (0.002) 3268.1 (0.4) 0.027 (0.005) 0.014 (0.013)

3356.9 0.144 3356.8 (0.1) 0.114 (0.003) 3356.5 (0.1) 0.117 (0.004) 0.144 (0.014)

3396.2 0.140 3396.4 (0.1) 0.125 (0.004) 3396.2 (0.1) 0.115 (0.004) 0.142 (0.014)

3407.4 0.025 3407.7 (0.2) 0.013 (0.001) 3407.2 (0.3) 0.013 (0.003)

3611.0 0.012 3610.7 (0.2) 0.013 (0.001) 3611.0 (0.3) 0.011 (0.003) 0.024 (0.012)

3632.9 0.107 3633.0 (0.1) 0.094 (0.003) 3632.9 (0.1) 0.095 (0.004) 0.105 (0.012)

4054.7 1.000 4054.7 (0.1) 1.000 (0.015) 4054.5 (0.1) 1.000 (0.014) 1.000 (0.016)

4101.8 0.600 4102.0 (0.1) 0.607 (0.010) 4101.7 (0.1) 0.599 (0.010) 0.601 (0.013)

4165.1 0.091 4165.7 (0.1) 0.096 (0.004) 4165.2 (0.1) 0.105 (0.005) 0.091 (0.009)

4171.2 1.242 4171.3 (0.1) 1.203 (0.015) 4171.0 (0.1) 1.218 (0.017) 1.241 (0.016)

4257.1 0.177 4256.9 (0.1) 0.160 (0.004) 4256.4 (0.2) 0.165 (0.012) 0.177 (0.010)

4284.7 0.045 4285.2 (0.1) 0.027 (0.002) 4284.9 (0.2) 0.030 (0.003) 0.045 (0.009)

Table 4.2 The relative intensities of the primary gamma rays (I L ) normalized to the 4055 keV
line obtained in this work are compared with the data in [TSA83] and ENSDF [PGAA]. The
uncertainties are quoted in parentheses and the uncertainties on the values obtained in this
work result from counting statistics only.
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The relative intensities of the gamma rays feeding the isomeric and the ground state, resulting

from the measurements with the metal disc, are reported in Table 4.3. These relative

intensities have been corrected for the internal conversion coefficients taken from [RIPL2].

Such a correction is unambiguously determined only if the multipolarity of the transition is

known. For the transitions with E G  = 311.1, 319.7, 563.3, and 644.5 keV of unknown

multipolarity the intensities are calculated by supposing the following mixing: 100% E2, 50%

M1 + 50% E2, and 100% M1. The corresponding internal conversion coefficients were

calculated by T. Belgya [BEL04].

sg sm

E G  / keV I G Multipolarity E G  / keV I G Multipolarity

319.7 2.4358(0.0210) M1 162.1 2.0825 (0.0185) E2
319.7 2.1714(0.0188) 50%-50%
319.7 1.9070(0.0165) E2 311.1 0.0306 (0.0022) M1

311.1 0.0271 (0.0019) 50%-50%
347.9 0.0376(0.0017) E2 311.1 0.0236 (0.0017) E2

563.3 0.0643(0.0027) M1 644.5 0.0273 (0.0030) M1
563.3 0.0625(0.0026) 50%-50% 644.5 0.0267 (0.0029) 50%-50%
563.3 0.0606(0.0025) E2 644.5 0.0261 (0.0029) E2

971.9 0.0579(0.0024) M1 912.7 0.0222 (0.0012) M1
1118.1 0.0122(0.0011) M1 1625.8 0.0143 (0.0017) M1
1175.4 0.0409(0.0016) M1 1709.0 0.0468 (0.0020) E2
1531.0 0.0032(0.0011) E1
1584.7 0.0105(0.0013) M1
1980.7 0.0048(0.0012) E1
2027.6 0.0273(0.0019) E1

Table 4.3 The relative intensities of the gamma rays (I L ) normalized to the 4055 keV line for
the transitions used to calculate the sg (left) and sm (right) for the 209Bi(n,g) reaction. The
uncertainties are quoted in parentheses and result from counting statistics only.

Using the value s1884,N = 14.58 (0.06) mb for the 1884 keV transition from the natN(n,g)
reaction as reported by Révay and Molnár [REV03a], we deduced the partial capture cross

section for the 4055 keV transition from the 209Bi(n,g) measurements with the bismuth nitrate

sample. This cross section value resulted in s4055,Bi = 7.97 (0.14) mb. We used this value as a

comparator or secondary standard to calculate the partial capture cross sections from the

measurements with the metal Bi - disc.
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From the sum of the partial cross sections of the 209Bi(n,g) known primary g-rays, a total

capture cross section of sm+g = 34.0 (0.6) mb and sm+g = 34.2 (0.4) mb was obtained for the

Bi - disc and the bismuth nitrate sample, respectively. Only three weak primary g-rays

observed in other experiments (2589.7 keV, 2707.3 keV and 3258.7 keV) were missing from

the sum. The first was identified as being mostly an aluminium peak, while the last two were

below our detection limit and contribute less than 0.6% to the total capture cross section.

These values are in good agreement with the values in the literature (see Table 4.4), noting

that cross section data obtained from summing up “ peak area related quantities”  result in a

lower limit only. Taking into account the quoted uncertainties, our total capture cross section

value is in very good agreement with the value sm+g = 33.8 (0.7) mb compiled by

Mughabghab [MUG03]. Our value is slightly lower (but agrees within uncertainties) than the

most recent experimental value of 35.0 (1.8) mb, determined at the ILL in Grenoble, applying

essentially the same measurement technique. These results [LET02] were based on the
35Cl(n,g) reaction as comparator and the use of separate samples for the Bi and Cl

measurements, strongly differing in thickness and geometry. Although in [LET02] very

careful corrections for the attenuation of the g-rays in the Bi sample, the dead time effects and

the detection efficiency were performed, a systematic uncertainty resulting from the

difference in neutron attenuation between the samples is not excluded.

The relative intensities in Table 4.3, together with the partial capture cross section s4055,Bi =

7.97 (0.14) mb, were used to determine the capture cross section to the isomeric and to the

ground state. The intensity of the two most intense 162 keV and 320 keV g-rays – accounting

for 94% of the isomeric and 91% of the ground state populations, respectively – were

determined with a 0.8% statistical uncertainty. From the sum of the internal conversion

corrected partial cross sections feeding the isomeric state, we obtained a capture cross section

for the isomeric state sm = 17.7 (0.8) mb. The given uncertainty comprises a 2.8% and 3%

systematic uncertainty due to the normalization and attenuation correction, respectively.

The feeding to the ground state is dominated by the 320 keV transition, for which the

multipolarity is not established. Therefore, the highest contribution to the overall uncertainty

of the partial cross sections to the ground state is related to the unknown value of the internal

conversion. We obtained capture cross sections to the ground state of sg = 21.5 (0.9), 19.3

(0.8), and 17.3 (0.7) mb, by supposing 100% M1, 50% M1 + 50% E2, and 100% E2 mixing

characters for the 320 keV transition. The intensities of the 1980.7 keV and 1118.1 keV
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gamma rays, which contributed for 0.4%, were used to estimate the intensity of the 46.8 keV

gamma ray feeding the ground state.

Together with the cross section for the isomeric state, the calculated total capture cross

section values become: sm+g = 39.2 (1.6), 37.0 (1.5), and 35.0 (1.4) mb. The values for a

100% M1 and 50% M1 + 50% E2 transition are 15% and 8% higher than the one deduced

from the primary transitions sm+g = 34.2 (0.4) mb. Also in [LET02] an increase of 8% and 3%

was reported. This common bias effect might be due to the missing of primary g-rays in the

determination of the total capture cross section.

In [LET02], one quotes for the capture cross section to the ground state sg = 17.9 (2.0) mb

and sm = 17.1 (2.0) mb to the isomeric state. However, these values were obtained from the

total cross section sm+g = 35.0 (1.8) mb determined from the primary g-rays and by supposing

a ratio 0.51 = sg/sm+g. From the data reported in [LET02] we were able to recalculate the

cross sections resulting directly from the feeding transitions. We obtained sm = 18.0 (2.0) mb

for the capture cross section to the isomeric state. Supposing a 100% M1 and 50% M1 + 50%

E2 for the 320 keV transition, we got sg = 19.7 (2.0) and 18.0 (2.0) mb, respectively. These

values are in agreement with our data within the uncertainties.

We can also deduce the total cross section by applying the total energy detection principle

based on all the partial cross sections of observed gamma rays resulting from neutron capture

in 209Bi. For every capture reaction, the sum of all the partial capture cross sections sJ

weighted with the corresponding gamma-ray energy EJ equals the total capture cross section

sc times the energy liberated in the capture reaction E*:

*
c

J
JJ EE s=sÊ 4.9

This principle is similar to the one discussed in section 3.1.4 using C6D6 detectors. For

neutron capture in 209Bi the total energy liberated in the capture event depends on the

branching ratio. Therefore, an iterative procedure had to be applied to deduce the branching

ratio. For the different branching ratios, corresponding to the 100% M1, 50% M1 + 50% E2,

and 100% E2 mixing characters for the 320 keV transition, we obtain a total capture cross

section of 40.1 (1.7), 40.0 (1.7) and 39.8 (1.7) mb, respectively. Applying this technique the

resulting total capture cross section is less sensitive to the multipolarity of the 320 keV

transition. In addition, this technique is less sensitive to missing g-rays. Therefore, the cross
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section is higher than the one deduced from the primary gamma rays or the gamma rays

feeding the isomeric and ground state.

The resulting cross section is about 15 % higher than the cross section deduced from the sum

of the primary transitions. However, the total energy technique is less sensitive to missing

gamma ray transitions. Using Eq. 4.9 the high energy transitions have a higher weight and the

final result is almost insensitive to the multipolarity of the 320 keV transition. Supposing a

100 % M1 multipolarity the difference with the sum of the feeding to the ground state and the

isomeric state is 1 mb, which is within the uncertainty due to counting statistics. Therefore,

we recommend the values: sm+g = 40.1 (1.7) mb, sg = 22.4 (1.0) and sm = 17.7 (0.7) mb,

which significantly differ from the recommended data in [RNAL,YAM89,MUG03]. We can

also conclude that the 320 keV gamma ray results from a M1 transition.
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Figure 4.11 The ratio of the cross sections for the 209Bi(n,g)210gBi and 209Bi(n,g)210mBi
reactions as a function of neutron energy. The result of this work is compared with other
experimental data and evaluations.

In Table 4.4 we compare our results with the data reported in the literature and the evaluated

data files. This table shows that our data and the data from [LET02] do not agree with the

branching ratio deduced from a combination of the total cross section in ENDF-B/VI

[ENDFB] and the cross section to the isomeric state in the activation file [RNAL]. The

resulting value is 70% and up to 1 MeV almost independent of neutron energy. Our data are

also not consistent with those in the JENDL/A-96 file [YAM89]. In Fig. 4.11 we compare the

branching ratio deduced in this work with the experimental data at 30 and 534 keV reported in
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[SAI02]. In this figure we also show the result of the most recent evaluation performed by

Ichihara and Shibata [ICH03], which was based on optical model calculations adjusted to the

experimental point at 534 keV. In this evaluation one expects a decreasing contribution of the

ground state with increasing energy.

Author Ref. Year Method m+g / mb m / mb g / mb
ENDF/B-VI [RNAL] 33.8 (0.7) 9.6 24.2
JENDL/A-96 [YAM89] 33.8 3.8 30.0
Mughabghab [MUG03] 33.8 (0.7)

S.P. Harris et al. [HAR50] 1950 Pile oscillator 38.0
D.J. Littler [LIT53] 1953 Pile oscillator 30.8 (2.2)
G.W. Horsley [HOR57] 1956 Pile oscillator 38-39
R.B. Tattersall [TAT60] 1960 Pile oscillator 36.0 (4.0)
A. Letourneau [LET02] 2002 Prompt g-spec 35.0 (1.8)

This work 2004 Primary g’s 34.2 (0.4)

This work 2004 sg+sm

35.0 (1.4) a

37.0 (1.5) b

39.2 (1.6) c

This work 2004 Total energy
39.8 (1.7) a

40.0 (1.7) b

40.1 (1.7) c

A. Letourneau [LET02] 2002 Prompt g-spec 17.1 (2.0)
A. Letourneau 2002 Recalculated 18.0 (2.0)

This work 2004 Prompt g-spec 17.7 (0.7)

L. Seren [SER47] 1947 Activation 15.0 (3.0)
F.C.W. Colmer [COL50] 1950 Activation 20.5 (1.1)
M. Takiue [TAK78] 1978 Activation 24.2 (0.4)
A. Letourneau [LET02] 2002 Prompt g-spec 17.9 (2.0)

A. Letourneau 2002 Recalculated 18.0 (2.0) b

19.7 (2.0) c

This work 2004 Prompt g-spec
17.3 (0.7) a

19.3 (0.8) b

21.5 (0.9) c

This work 2004 Total energy 22.4 (1.0)

Table 4.4 The thermal total capture cross section for the 209Bi(n, g) reaction and the capture
FURVV�VHFWLRQ�WR�WKH�JURXQG�VWDWH� g�DQG�WR�WKH�LVRPHULF�VWDWH� m. Multipolarity for the 320 keV
transition: a 100 % E2, b 50% M1 + 50 % E2, c 100 % M1. The uncertainties are quoted in
parentheses and the uncertainties on the values obtained in this work are a combination of a
systematic uncertainty with the uncertainty resulting from counting statistics.
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4.4.2 The 206Pb(n,g) capture measurements

The procedures for the 206Pb(nth,g) cross section measurements were similar to those for the
209Bi(nth,g) measurements discussed in the previous section. In Table 4.5 we list the

characteristics of the samples, which were used for the 206Pb(nth,g) measurements. The

isotopic composition of the lead-nitrate and the natPb sample was determined at the IRMM by

mass spectrometry [QUE04]. The measurements of the nitrate sample were used to deduce the

partial capture cross sections of the primary gamma rays for 206Pb and 207Pb using nitrogen as

a comparator. The measurements with the 99.82% enriched 206Pb metallic sample were

performed to identify the g-rays resulting from the 206Pb(n,g) reaction and to determine the

partial capture cross sections for the low intensity gamma rays. This gamma spectrum was

also used to verify both the presence of impurities and the declared isotopic composition. In

Fig. 4.12 we compare the gamma-ray spectra obtained with the pure 206Pb with the one

obtained with the natPb disc.

Sample Shape
Size
(mm)

Thickness
(mm)

Total Weight
(g)

206Pb Metal square 20 x 20 2.00 9.00
natPb (95.0 % wt) -natSn (5.0 % wt) Metal disc 20 x 20 2.40 10.52
natSn Metal disc 20 x 20 0.17 0.51
natPb(NO3)2 Pressed powder 16.74

Table 4.5 Characteristics of the samples used for the determination of the total capture cross
sections of 206Pb at the cold neutron beam of the BNC.

The correction factor F(stot, m, EJ) for the lead nitrate sample for energies above 2 MeV was

close to unity. The mixed Pb - Sn sample and the thin Sn disc were used to determine the

attenuation of the gamma rays in the 206Pb and natPb sample, similar to the procedure for the

Bi-disc described in section 4.4.1. Since the pure 206Pb sample has similar dimensions as the

Pb-Sn sample, the same correction factor can be applied.

The results of the measurements with the lead-nitrate sample are reported in Table 4.6. This

table lists the energies and partial capture cross sections of the 6739 keV and 7368 keV

primary gamma-ray transitions to the ground state for 206Pb(n,g) and 207Pb(n,g), respectively.

The data for the 6739 and 7368 keV gamma rays are in good agreement with the data of

Blackmon et al. [BLA02], which were determined at the cold neutron beam of the National

Institute for Standards and Technology (NIST) using a similar detection system. The partial
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cross sections in Table 4.6 are used as a comparator for the results of measurements with the
natPb and the pure 206Pb samples, and can be recommended for PGAA applications to

determine the abundances of Pb and Bi in unknown samples [REV03a,MOL04].
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Figure 4.12 The gamma-ray spectrum for the 206Pb sample and the Pb(NO3)2 sample. The
gamma-lines indicated in the figure are the one observed in the 206Pb(n,g) reaction.

This work [BLA02]

Isotope E N  keV sJX / mb sJX / mb
206Pb 6737.6(0.1) 27.1(0.6) 26.3(1.6)
207Pb 7368.0(0.1) 620.3(8.4) 600(30)
209Bi 4054.7(0.1) 7.97(0.14)

Table 4.6 The energies and partial capture cross sections of the primary gamma-ray
transitions to the ground state for 206Pb(n,g) and 207Pb(n,g). For 209Bi(n,g) the intensity of the
4055 keV transition is also given. The uncertainties are quoted in parentheses and the
uncertainties on the values obtained in this work are a combination of a systematic
uncertainty with the uncertainty resulting from counting statistics.

The partial cross sections, relative to the primary transitions to the ground state, deduced from

the natPb(n,g) and the pure 206Pb measurements for 206Pb are given in Table 4.7. As already

observed by Hungerford et al. [HUN83] and Blackmon et al. [BLA02], the 6739 keV

transition to the ground state dominates the gamma ray spectrum of the thermal neutron

capture for 206Pb.
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ENSDF This work [HUN83]

E N  / keV I N E N  / keV I N E N  / keV I N

569.7 0.0153 569.7(0.1) 0.0076(0.0004)

897.9 0.0143 897.9(0.1) 0.0147(0.0003) 897.9(0.2) 0.0400(0.0015)

4113.9(0.4) 0.0006(0.0002)

5839.7 0.0068 5839.7(0.3) 0.0075(0.0005) 5839.7(0.4) 0.0075(0.0016)

6737.6 1.0000 6737.6(0.1) 1.0000(0.0160) 6737.6(0.1) 1.0000

Table 4.7 The relative intensities normalized to the 6738 keV line for the transitions used to
calculate the 206Pb(n,g) cross section at thermal energy. The uncertainties are quoted in
parentheses. The uncertainties are quoted in parentheses and the uncertainties on the values
obtained in this work result from counting statistics only.

In Table 4.8, the partial cross sections, relative to the primary transitions to the ground state,

for 207Pb are reported. The results obtained in this work are compared with other experimental

data reported in the literature [HUN83] and the evaluated data in ENDSF [PGAA]. Within the

quoted uncertainties our data for 206Pb and 207Pb are in good agreement with the data of

[HUN83] and the ENDSF data [PGAA]. In the gamma spectrum of the pure 206Pb sample we

found a contribution of the 7638 keV gamma ray resulting from 207Pb(n,g). From the partial

cross sections in Table 4.9 and the observed intensity we deduced the relative amount of
207Pb/206Pb to be at 0.2%. From the observed gamma spectra no other impurities could be

identified.

ENSDF This work [HUN83]

E N  / keV I N E N  / keV I N E N  / keV I N
2614.5 0.0021 2614.5(0.1) 0.0032(0.0003) 2641.4(0.2) 0.0048(0.0003)

3282.4 0.0007 3282.7(0.2) 0.0009(0.0002)

4085.5 0.0007 4085.4(0.4) 0.0006(0.0001) 4084.7(0.3) 0.0009(0.0001)

4753.2 0.0014 4753.3(0.8) 0.0016(0.0002)

7368.0 1.0000 7367.9(0.2) 1.0000(0.0136) 7367.8(0.1) 1.0000

Table 4.8 The relative intensities normalized to the 7368 keV line for the transitions used to
calculate the 207Pb(n,g) cross section at thermal energy. The uncertainties are quoted in
parentheses and the uncertainties on the values obtained in this work result from counting
statistics only.
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Ref Method Pb / mb 207Pb / mb 206Pb / mb %is Pb
204 206 207 208

[MUG84] Compilation 171 (2) 712 (10) 30.6 (0.8)
[MUG03] Compilation 138 (4) 625 (30) 26.6 (1.2)

[HAR50] Pile oscillator 160 nat

[POM51] Pile oscillator 190 (50) nat

[POM52] Pile oscillator 700 (70) 100 (100) 1.11 30.00 21.43 47.46

[AIT52] Pile oscillator 162 (5) 698 (25) 25.5 (5.0) 1.46 23.94 22.32 52.27
(0.04) (0.06) (0.06) (0.06)

84 (3) 88.2 8.9 2.9
(0.02) (0.02) (0.01)

[TAT60] Pile oscillator 171 (2) nat

[JUR63] PGAA 709 (10) 30.5 (0.7)* nat

[CRA71] PGAA 170 (10) nat

[BLA02] PGAA 151 (7) 610 (30) 26.2 (1.2) <0.1 26.0 1.7 72.3
(0.2) (0.04) (0.1)

This work PGAA 623 (9) 27.3 (0.8) 1.37 25.37 21.44 51.82
(0.01) (0.08) (0.07) (0.07)

* based on the natPb cross section quoted in [TAT60]

Table 4.9 Summary of the available capture cross section data for the 206Pb(n,g)207Pb
reaction at thermal neutron energy. The uncertainties are quoted in parentheses and are a
combination of a systematic uncertainty with the uncertainty resulting from counting
statistics.

From the sum of the partial capture cross sections depopulating the capture state we deduced

a total capture cross section of s(n,g) = 27.3 (0.8) mb, and 623 (9) mb for 206Pb and 207Pb,

respectively. These values are in good agreement with previous values s(n,g) = 26.6 (1.2) mb,

and 610 (30) mb, respectively, obtained from similar measurements reported by Blackmon et

al. [BLA02]. In Table 4.9, we compare our result for 206Pb with other literature data resulting

mainly from pile oscillator measurements.
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5 DISCUSSION OF THE RESULTS

The primary objective of this work was to provide an accurate and consistent data set for the

total and capture cross section of 206Pb + n in the thermal and resolved resonance region and

to determine the thermal capture cross section of 209Bi to the ground state 209Bi(n,g)210gBi and

to the isomeric state 209Bi(n,g)210mBi.

We produced an accurate resonance parameter file for 206Pb up to 620 keV from

measurements at the GELINA TOF-spectrometer. We did so by reducing as much as possible

systematic bias effects, due to special measurement conditions and data analysis procedures,

such as:

- the use of an highly enriched 206Pb sample,

- a combination of transmission and capture measurements,

- the excellent resolution of capture measurements,

- the 125� geometry for the capture measurements,

- the good knowledge of the resolution function and energy differential neutron flux at

GELINA,

- the use of a weighting function describing the complete photon transport, and

- a resonance shape analysis including the correction for the neutron sensitivity in the

capture detector.

For the thermal capture cross section measurements of 206Pb and 209Bi we performed

measurements at the cold neutron beam of the Budapest Neutron Centre. Also here systematic

bias effects and uncertainties were largely reduced since:

- a stoichiometric compound including nitrogen as a comparator was used to determine the

partial cross section data,

- the primary gamma ray transitions for 206Pb were verified with an enriched sample,

- the effective gamma attenuation for the metallic samples was experimentally verified, and

- a new technique, based on the total energy detection principle, was introduced to

determine the total capture cross section from gamma measurements with high-resolution

germanium detectors.

5.1 Statistical properties of the 206Pb resonance parameters

Before commenting on the experimental data for 206Pb, we verified the statistical behaviour of

the resonance parameters. We should recall that the neutron widths below 80 keV result from
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our data, while above 80 keV they are based on the results of Horen et al. [HOR79,HOR81].

The radiation widths are based on our capture measurements. In Chapter 2 we described that,

for a compound system with A+1 nucleons, one expects that the reduced width amplitudes of

the resonances are Gaussian distributed with a zero mean. Consequently, the resulting neutron

widths and partial radiation widths will follow a Porter-Thomas frequency distribution (Eq.

2.42), which is a c2 – distribution with number of degree of freedom n=1.

In Fig. 5.1, we show, for s-wave resonances and for p-wave resonances with J=3/2, the

frequency distributions of the reduced neutron width and the radiation width. To test the

Porter-Thomas hypothesis we calculate the number of degrees of freedom required to describe

the reduced neutron widths and the radiation widths with a c2 – distribution. The number of

degrees of freedom for the reduced neutron widths and the radiation widths are indicated with

nn and nN , respectively. No uncertainty is given to the quoted values due to the small size of

the set of parameters. The determination of the number of degrees of freedom aimed to check

the consistency of the set of resonance parameters and not to test the theoretical predictions.

The results are reported in Table 5.1, together with the total number of observed s-, p- and d-

wave resonances, the average reduced neutron widths and the average radiation widths.

To understand the results of Table 5.1 and Fig. 5.1 one should realise that the weakest

resonances, those with the smallest neutron widths, according to the Porter – Thomas

distribution are the most frequent ones. In addition, small neutron widths are the most difficult

ones to be determined and they might be lost in the experimental background and will be

missed in the parameter file. Taking into account the effect of missing levels, we can

conclude from the number of degrees of freedom listed in Table 5.1 that the reduced neutron

widths for s-, p- and d-wave resonances follow the Porter-Thomas hypothesis.

s p d

J 1/2 1/2 3/2 3/2 5/2

Nres 22 41 50 48 59

>G< l
n  / eV 3.91 0.353 0.255 1.58 0.641

>G< g  / eV 2.57 0.556 0.413 1.20 0.596

nn 1.2 1.5 1.2 1.8 1.3

n O 4.5 2.5 1.5 2.6 2.4

Table 5.1 The statistical properties of the deduced resonance parameters for 206Pb.



145

0 2 4 6 8 10
0.0

0.5

1.0

1.5

2.0

2.5

3.0
 s-waves J=0.5
 P 2 ( Q =1)

 

 

N

G
n

0/<G
n

0>

0 2 4 6 8 10

0.0

0.5

1.0

1.5
 s-waves J=0.5
 R 2 ( S =1)

 

 

N
G T /<G T >

0 2 4 6 8 10
0.0

0.5

1.0

1.5
 p-waves J=1.5
 P 2 ( Q =1)

 

 

N

G
n

1/<G
n

1>

0 2 4 6 8 10

0.0

0.5

1.0

1.5
 p-waves J=1.5
 R 2 ( S =1)

 

 

N

G T /<G T >

Figure 5.1 The distributions of the neutron reduced width Gn
U
 (left) and the distributions of the

radiation width G V  (right) in 206Pb for s-wave resonances and p-wave resonances with J=3/2.
These distributions are compared with a c2-distribution with one degree of freedom.

The distribution of the total radiation width for p- and d-wave resonances is compatible with a

c2-distribution with a small number of degrees of freedom. This indicates that the number of

possible gamma-ray transition cascades following the capture of a p- and a d-wave neutron is

rather limited. This has also been observed by unfolding the gamma ray spectrum recorded

with the C6D6 detectors (see Chapter 3). The high number of degrees of freedom for the s-

wave radiation width is very surprising, since it is in contrast with the results from both the

measurements in the RRR at GELINA and the measurements at the BNC. From those data we
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expect that the gamma spectrum is dominated by the single gamma-ray transition to the

ground state, suggesting a Porter-Thomas distribution with a limited number of degrees of

freedom. For the s-wave radiation width the same comment as for the neutron width regarding

the character of the Porter-Thomas distribution should be made. Since s-wave neutrons have a

large neutron width, their peak capture cross sections for small capture widths will be very

small. Consequently, the observed peak in the capture data will be smeared out at the level of

the background. This background level will be higher for s-wave neutrons due to the high

Gn/G N  ratio and the neutron sensitivity of the detector. As a consequence, the radiation width

for the s-wave resonances with a small G N  can be overestimated. In addition, the number of

levels for a given spin J and parity, listed in Table 5.1, suggest that some p-wave resonances,

which have a small radiation width, could be s-wave resonances in order to fulfil the (2J+1)

dependence of the level density. The number of samples, which is 22, is so small that by

adding a few resonances with a very small radiation width the number of degrees of freedom

becomes one. Therefore, we believe that the high number of degrees of freedom is not

realistic and the value is affected by the above mentioned factors.

In Chapter 2 we discussed the presence of a s-wave doorway state for 206Pb + n creating a

cluster of s-wave resonances around 350 keV. This doorway state is clearly observed in the

cumulative sum of the reduced neutron width as a function of neutron energy (see Fig. 2.6 and

Fig. 5.2). Baglan et al. [BAG71b] suggested the existence of a common doorway mechanism

for Pb isotopes in the photon channel based on a correlation between the reduced neutron and

radiation width. To verify the existence of this common doorway mechanism we plot in Fig.

5.3 the radiation width for s-wave neutrons as a function of the reduced neutron width. From

Fig. 5.3 we do not find a clear evidence of such a correlation. The resulting correlation

coefficient r = 0.46 could indicate some degree of correlation. However, this factor should be

taken with care since the statistical sample size is too small to establish a reliable correlation.

If the correlation would exist one should also observe an almost identical behaviour of the

cumulative sum of the neutron widths and the radiation widths, as in the case of p-wave

neutrons for 207Pb + n. Köhler et al. [KÖH87] report for 207Pb+n a correlation coefficient r =

0.80 for p-wave neutrons and an almost identical shape for the cumulative sum of the reduced

neutron and radiation width. In Fig. 5.2 we compare the cumulative sums of the reduced

neutron widths and of the gamma strength function fE1 for 206Pb + n. Also an imperfect

correction for the neutron sensitivity may still result in an experimentally observed correlation

between Gn and G N . This figure reveals that if a structure for the radiation width exists, it is
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almost completely smeared out. Also for the p-wave and d-wave resonances we do not find

any substantial evidence of a correlation between the neutron and the photon channel.
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Figure 5.2 A comparison of the cumulative sums of the reduced neutron widths and of the
gamma strength function fE1 as a function of neutron energy for s-wave neutrons.
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Figure 5.3 The radiation width as a function of the reduced neutron width for 206Pb s-wave
neutrons.
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5.2 Discussion of the 206Pb data

The thermal capture cross section of 206Pb deduced in this work s(n,g) = 27.3 (0.8) mb is in

very good agreement with the most recent data s(n,g) = 26.6 (1.2) mb obtained at NIST by

Blackmon et al. [BLA02]. The thermal capture cross section resulting from all the distant

unbound s-wave resonances listed in Table 5.2 is 8.3 (0.2) mb. The sum of the contribution of

the s-wave resonances together with the direct capture component calculated by A. Mengoni

(see Chapter 2) is 22.3 mb. This value is less than the experimental observed thermal capture

cross section. The difference might be due to a contribution of bound levels or due to an

underestimation of the direct capture component. To quantify the exact contribution of bound

levels a complete re-evaluation of the 206Pb data, including the data obtained in this work, is

required. Such an evaluation is beyond the scope of this work.

Energy / eV si / mb

16426.4 0.193 (0.006)
65996.0 0.353 (0.005)
92612.0 0.063 (0.001)

146272.3 0.379 (0.003)
209496.2 0.458 (0.008)
220803.3 0.147 (0.010)
257429.7 0.130 (0.009)
297684.5 0.010 (0.001)
339981.9 2.588 (0.027)
355633.9 1.419 (0.041)
378099.9 0.496 (0.008)
389478.0 0.387 (0.021)
417014.9 0.995 (0.045)
429864.4 0.003 (0.001)
455470.8 0.002 (0.001)
476607.1 0.023 (0.001)
481083.6 0.345 (0.100)
511780.0 0.008 (0.001)
521695.7 0.003 (0.001)
530766.1 0.006 (0.001)
548170.2 0.149 (0.009)
609774.5 0.141 (0.006)

Table 5.2 The contributions to the thermal cross section from s-wave resonances of 206Pb up
620 keV. The uncertainties are quoted in parentheses and result from counting statistics only.
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Besides the set of resonance parameters for resonances up to 620 keV, we also deduced from

the transmission data a scattering radius R’  = 9.54 (0.02) fm, which deviates from the value

R’  = 8.04 quoted by Horen et al. [HOR79]. Our value is in good agreement with the value R’

= 9.46 (0.15) fm adopted by Mughabghab [MUG84]. The latter was also used by A. Mengoni

to adjust the optical model potential used for the calculation of the direct capture component.

The low experimental uncertainty on the scattering radius deduced in this work is primarily

due to the use of an isotopically pure 206Pb sample and the good resolution of the transmission

data. From the simultaneous analysis of our transmission and capture data we also deduced

the neutron width for resonances up to 80 keV. Due to the limited energy region, these data

are not of direct use to adjust optical model potentials. However, the data are important to

validate the results of Horen et al. [HOR79,HOR81]. The good agreement between the data

obtained in this work and the data of Horen et al. [HOR79] in Table 3.9 (see Chapter 3)

confirms the reliability of the transmission data obtained at ORELA. Therefore, the neutron

strength functions and the level densities for s-, p and d-wave resonances deduced by Horen et

al. [HOR79, HOR81] above 80 keV can be recommended.

The average radiation widths for s-, p- and d-wave resonances up to 620 keV are, 2.57 eV,

0.481 eV and 0.874 eV, respectively. From the unfolding of the C6D6 spectra we conclude

that the gamma spectrum of the 66.0 keV s-wave resonance cross section is completely

dominated by the E1 transition to the ground state. Also more than 99% of the primary

gamma rays following thermal neutron capture are E1 transitions to the ground state. Since

the s-wave resonances contribute for 30% to the thermal capture cross section and the

gamma-ray spectrum at thermal energy is dominated by the E1 transition to the ground state,

we can assume that the radiation width for s-wave resonances results mainly from this E1

transition. Therefore, the radiation width for s-wave resonances can be used to calculate the

electrical dipole strength function. Using Eq. 2.47 we obtain a strength function

fE1 � 225(5) � 10-9 MeV-3 for resonances up to 620 keV. This value is in good agreement with

the value fE1 = 242 � 10-9 MeV-3 resulting from the giant dipole parameters obtained by

Harvey et al. [HAR64]. From the relative transition probabilities (Table 3.12) together with

the total radiation width of the p-wave resonances (see Table 3.14) we can deduce the strength

function for the magnetic dipole transition to the ground state, to the 570 keV 5/2- first excited

state and to the 897 keV 3/2- second excited state. The resulting strength functions fM1 for the

energy interval DE = 70 keV, which are given in Table 5.3, are in very good agreement with

the value deduced from systematics fM1 = 20 � 10-9 MeV-3 [IAEA]. Therefore, we do not
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confirm the strong M1 enhancement suggested by Medsker and Jackson [MED74]. To

compare our data with those of Mizumoto et al. [MIZ79], we also include in Table 5.3 the

results that we obtain considering the resonances below 25 keV. Our data for resonances

below 25 keV are a factor 2 lower compared to the data of Mizumoto et al. [MIZ79]. Their

strength functions were systematically overestimated since they supposed that the total

radiation width resulted from four gamma cascades without accounting for other possible

cascades. Due to the better time resolution of our capture measurements, we were also able to

resolve the doublet around 25 keV, which has an important contribution to the strength

function below 25 keV. In the data of Mizumoto et al. [MIZ79] these resonances were not

resolved and the M1 gamma strength was overestimated by a factor 2 since a part of the

observed gamma rays are E2 transitions. Although limited in number, the E2 transitions that

were observed together with their radiation widths can be used to improve the systematic

study of the average behaviour of the electric quadrupole strength function fE2. The partial

radiation widths and the reduced transition probabilities B(E2)� (downwards) of these

transitions are listed in Table 5.4.

Data Interval fM1 / 10-9 MeV-3

0 keV 570 keV 897 keV

Mizumoto et al. (DE = 25 keV) > 60 > 73 > 25

This work (DE = 25 keV) 33 29 27

This work (DE = 70 keV) 17 25 20

Table 5.3 The magnetic dipole strength function resulting from the p-wave resonances below
25 and 70 keV. Our data are also compared with the results from Mizumoto et al. [MIZ79].
The uncertainties on our data are in the order of 30% .

E0 / keV G \  / eV G \ ,570 / eV B(E2)� /e2fm4

25.4 0.291 (0.002) 0.189 (0.008) 25.7 (1.1)

36.2 0.280 (0.003) 0.196 (0.008) 26.4 (1.1)

47.5 0.111 (0.002) 0.061 (0.005) 8.1 (0.7)

Table 5.4 The total radiation width for the 25.4 keV, 36.2 keV and 47.5 keV resonance
together with the partial radiation width and reduced transition probability for the E2
transition to the first excited state. The uncertainties are quoted in parentheses and result
from counting statistics only.
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We can conclude that the data set for 206Pb obtained in this work provides a valuable input for

a re-evaluation of the 206Pb data to adjust the nuclear model parameters and to produce a data

file for 206Pb for ADS applications.

5.3 Discussion of the 209Bi data

From the application of the total energy detection principle we deduce a total capture cross

section sm+g = 40.1 (1.7) mb, which is almost insensitive to the multipolarity of the 320 keV

transition and less sensitive to missing gamma-ray transitions. This value, together with the

data resulting from gamma rays feeding the isomeric state and the ground state, allowed to

assign a M1 multipolarity for the 320 keV transition and deduce an isomeric ratio

sg / sm = 1.27 (0.05).

Since the direct capture component for the 209Bi(n,g) reaction in the thermal energy region can

be neglected, one expects that the total capture cross section at thermal energy results from

the contributions of distant unbound s-wave resonances and bound state levels. From the

resonance parameter file in the evaluated data ENDF/B-VI [ENDFB], which does not include

any bound state resonance, we deduce a total thermal capture cross section of 33.8 mb. This

value corresponds to the one compiled by Mughabghab [MUG84]. Using the most recent

parameter file of Mutti [MUT97], which does not include a negative resonance, we obtained a

value of 27.7 mb. Therefore, the contribution of the observed s-wave resonances to the

thermal capture cross section from both the evaluated data and the data of Mutti [MUT97] is

not sufficient to explain the value sm+g = 40.1 (1.7) mb. In Ref. [BOR04e] we have shown

that we can adjust the thermal capture cross section resulting from the contribution of both the

bound and unbound states by including a negative resonance at – 800 eV. However, the lower

thermal capture cross section deduced from the resonance parameters in ENDF/B-VI or the

data of Mutti [MUT97] can also be partly due to systematic uncertainties in the data. All

reported capture data were obtained using the total energy detection principle, which requires

the knowledge of the total energy released in the capture event. In the data analysis, Mutti

[MUT97] supposed an almost 100% branching to the ground state based on the evaluated

data. In case of a 50% branching to the ground state, the capture data will be underestimated

by about 3.3 %. In addition, by using a threshold for 300 keV g-rays, the capture cross section

could be underestimated by another 3%, again for a 50% branching to the ground state.

Therefore, the final evaluation of the resonance parameters for 209Bi, including the

contribution of bound state levels, requires additional measurements of the energy differential
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branching ratio in order to reduce systematic bias effects as result of total energy capture

measurements in the RRR.

5.4 Impact of the new data on s - process abundances

As mentioned in Chapter 1, the calculation of s-process abundances requires the calculation of

the Maxwellian averaged capture cross sections at an average temperature T. These so-called

MAC cross sections (in mb) can be obtained from a very useful approximation, which was

first derived by Macklin and Gibbons [MAC65]:
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where vT is the mean velocity at the temperature T, s̀  is the observed thermal capture cross

section expressed in mb, kT is expressed in keV, N the number of resonances, E0i the

resonance energy in keV and A ` i the capture area in b¼eV, respectively. This expression is

very practical since it does not require a complete resonance parameter file. It only requires

the capture area of the resonances and it allows to account for resonances for which only the

capture area can be determined. Since the contribution of both the distant unbound s-wave

resonances and the s-wave direct capture component behave as 1/v, we also account for their

contribution by inserting the measured thermal capture cross section. To account for the

contribution of the capture cross section in the URR a similar expression is proposed by Beer

[BEE92]. However, in the case of 206Pb the contribution of the energy range above 620 keV

can be neglected.

Ratzel et al. [RAT04] already reported that the existing nuclear data for s-process abundance

calculations in the A = 204 – 210 region is rather unsatisfactory. By successive variation of

the respective capture cross sections of all isotopes affecting the Pb abundances, including

that of the branching point isotope 204Tl, they also verified the impact of capture cross section

uncertainties on the s-process production factor. Their results are summarised in Table 5.5.

From Table 5.5 we can conclude that the status of the 206Pb and 209Bi data will directly

influence their own abundance. However, the abundances of the other isotopes are almost not

affected. To estimate the effect of our 206Pb data on the s-process abundance, we calculated

the corresponding MAC as function of temperature. We also verified that the contribution of

the direct component for p- and d-wave neutrons could be neglected. The uncertainty only

due to counting statistics on the resulting MAC is less than 1%. In Fig. 5.4, our results are

compared with the data quoted in the most recent MAC compilation of Bao et al. [BAO00]
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and the one based on the ENDF/B-VI data. Up to an average temperature of kT = 60 keV, the

MAC deduced in this work deviates by 7% to 20% from to the data reported by Bao et al.

[BAO00]. Using the model described in [RAT04], Gallino [GAL04] verified the impact of

our 206Pb data and concluded that the 206Pb s-process abundance using the data of Bao et al.

[BAO00] is underestimated by 7 % while the abundances of the other isotopes are not

affected.

To verify the influence of our results for 209Bi one needs first of all to determine the isomeric

ratio as a function of neutron energy, as was discussed in section 5.3. These measurements are

scheduled at GELINA. These results, together with the thermal capture cross sections

determined in this work and the re-normalized data of Mutti [MUT97], will lead to a more

accurate determination of the MAC.

Variation of MAC s-process production factors

by a factor 0.7 for isotope 203Tl 205Tl 204Pb 206Pb 207Pb 208Pb 209Bi
203Tl 1.38 0.97 0.96 0.99 0.99 1.00 1.00
205Tl 1.00 1.27 1.00 1.00 1.00 0.99 0.99

204Pb 1.00 0.93 1.25 0.98 1.00 1.00 1.00
206Pb 1.00 1.00 1.00 1.33 0.99 0.98 0.97
207Pb 1.00 1.00 1.00 0.99 1.42 0.97 0.96
208Pb 1.00 1.00 1.00 0.95 0.97 1.02 0.71
209Bi 1.00 1.00 1.00 0.97 0.99 1.00 1.17

Table 5.5 The sensitivity of the s-process production factors of the Tl-Pb-Bi isotopes with
respect to the variations of the relevant stellar cross sections. The production factors obtained
by changing all capture cross sections by a factor 0.7 are relative to a standard case. The
data are taken from [RAT04].
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Figure 5.4. The Maxwellian Averaged Capture cross section obtained in this work, compared
with the one reported in [BAO00] and the one deduced from the cross section in ENDF/B-VI
[ENDFB].
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6. CONCLUSIONS

An accurate resonance parameter file for 206Pb has been determined from high-resolution

capture and transmission measurements at GELINA for resonances up to 620 keV. This data

was completed by thermal capture cross sections for 206Pb(n,g), 209Bi(n,g)210gBi and
209Bi(n,g)210mBi, which were determined at the cold neutron beam of the Budapest Neutron

Centre.

The available capture data for 206Pb in the resolved resonance region are limited to 200 keV

and suffer from systematic bias effects. To reduce these bias effects a procedure was

established to determine accurate weighting functions of our capture detection system by

Monte Carlo simulations. The results of the Monte Carlo simulations were extensively

validated by experimental data. In addition other systematic effects, due to e.g. angular

correlations and the neutron sensitivity of the detection system, have been reduced. A

comparison with data in the literature indicates that capture data previously reported might

suffer from a systematic bias of up to 30%. Applying the presented approach for the analysis

of capture data obtained with C6D6 detectors, the capture cross section for 232Th in the URR

as determined at the n-TOF facility was modified by about 5%.

Due to the use of an isotopically pure 206Pb sample an accurate nuclear scattering radius, not

affected by the presence of other Pb-isotopes, was deduced. From the transmission data also

the s-wave resonances were identified and the neutron width Gn and statistical factor g for

resonances up to 80 keV were deduced. The results from the actual transmission data

confirmed the data of Horen et al. [HOR79,HOR81], which cover the energy region up to 900

keV.

From the capture data, accurate total radiation widths were extracted and for the first time a

fE1 photon strength function for resonances up to 620 keV was defined. This strength function

is consistent with the value deduced from GDR parameters obtained from photonuclear

reactions. The fM1 strength function, derived from an unfolding of the C6D6 capture data, is

completely consistent with the systematic behaviour obtained from compiled data. It does not

indicate any M1 enhancement as previously reported by other authors based on photonuclear

data in the resonance region. Moreover, the presence of primary E2 transitions for 206Pb was

observed and their reduced radiation strength deduced. From an analysis of the reduced

neutron width and radiation width, the existence of a doorway state in the photon channel,

common to the doorway state in the neutron channel, could not be confirmed.
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For the thermal capture cross section measurements the uncertainties were reduced by using a

stoichiometric nitrate sample containing both nitrogen, used as reference standard, and Pb or

Bi. The lead-nitrate samples were analysed by mass spectrometry to deduce the isotopic

composition. It was already shown that the determination of the total capture cross section for
209Bi and the capture cross section to the ground state suffers from the uncertainty on the

multipolarity of the 320 keV transition to the ground state and to the influence of missing

gamma-ray transitions. By applying for the first time the total energy detection principle on

data obtained with high-resolution Ge-detectors, it was demonstrated that the influence of

those effects is largely reduced. It was possible to identify the 320 keV line as an almost

100% M1 transition and to deduce a total capture cross section sg+m = 40.1 (1.7) mb and a

branching ratio sg/sm = 1.27 (0.05).

From a comparison of the experimental data in both the resolved resonance region (RRR) and

at thermal neutron energies, together with the results of theoretical calculations, it was

confirmed that the largest contribution to the thermal capture data for 206Pb results from the

direct capture component. For 209Bi the contributions of the distant unbound s-wave

resonances are at least 20% lower than the observed capture cross sections. To resolve this

discrepancy and quantify the contribution of the bound states, a better determination of the

energy differential branching ratio for 209Bi is needed.

The final results for both 206Pb and 209Bi are important input data for a re-evaluation of the

cross section data for these isotopes. In particular, the scattering radius for 206Pb and the

strength functions determined in this work can be used to adjust reaction model parameters

and improve the cross section database for ADS applications. From the experimental

observed capture cross-section together with the capture areas up to 620 keV the Maxwellian

averaged capture cross sections as function of temperature was derived. These values are

systematically 7% - 20% lower than the values resulting from compiled data. This difference

has a direct impact on the 206Pb abundance due to the stellar s-process.
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SAMENVATTING

De doelstellingen van voorliggend werk en het belang van de bestudeerde reacties worden

beschreven in een eerste inleidende hoofdstuk. De voornaamste doelstelling was een

nauwkeurige bepaling van de werkzame doorsnede voor de totale door neutronen

geïnduceerde reactie 206Pb(n,tot) en de neutronenvangstreactie 206Pb(n,g) en dit zowel in het

thermische energiegebied als in het energiedomein waar neutronenresonanties optreden. Een

tweede doelstelling was het nagaan van de consistentie van de resonantieparameters voor
209Bi met de thermische werkzame doorsnede sm+g voor de totale neutronenvangstreactie,

alsook voor de neutronenvangstreactie naar de grondtoestand (sg) en de isomere toestand (sm)

van 210Bi. Deze gegevens zijn van groot belang voor de ontwikkeling van nieuwe nucleaire

reactor concepten die gebruik maken van Pb en/of Bi als target of koelmateriaal, en voor

theoretische berekeningen van de stellaire nucleosynthese. Voor de vermelde werkzame

doorsneden voor 206Pb en 209Bi is het bestaande gegevensbestand zeer beperkt en niet steeds

consistent. Daarom werden nieuwe en precieze metingen uitgevoerd, waarbij bijzonder veel

belang werd gehecht aan het reduceren van systematische fouten en onzekerheden in zowel de

experimentele als de analyseprocedures.

In hoofdstuk 2 volgt een korte beschrijving van de voornaamste kernfysische reactietheorieën,

die gebruikt werden om de experimentele resultaten te interpreteren. Hierbij wordt

voornamelijk aandacht besteed aan de parameterisatie van reactie-werkzame doorsneden als

functie van de resonantieparameters. Op basis van de Breit-Wigner formules, welke het

resultaat zijn van de sterk vereenvoudigde benadering van het R-matrix formalisme, worden

de relaties tussen de experimenteel waarneembare grootheden en de resonantieparameters

besproken. Deze relaties zijn uitermate nuttig om de complementariteit van verschillende

experimentele metingen te begrijpen en de resonantieparameters te bepalen. Verder wordt

ingegaan op de statistische wetmatigheden die gelden voor resonantieparameters van

tussenkernreacties en dit zowel op basis van theoretische overwegingen als van experimentele

waarnemingen. De invloed van de hoekverdeling van de uitgezonden gammastraling op de

resultaten voor vangstreacties wordt eveneens behandeld.
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Hoofdstuk 3 begint met een overzicht van de voor 206Pb beschikbare gegevens in het

resonantiegebied. Hierbij wordt gewezen op mogelijke systematische fouten in de

gepubliceerde gegevens voor de 206Pb(n,g)-reactie. Daarna worden de experimenten voor de

bepaling van de werkzame doorsnede in het  resonantiegebied uitvoerig besproken. Deze

experimenten werden uitgevoerd aan de GELINA spectrometer van het Instituut voor

Referentie Materialen en Metingen (IRMM) te Geel (B). Deze spectrometer laat toe het

verloop van de totale en vangst werkzame doorsnede te bepalen als functie van de

neutronenenergie. Hierbij wordt de energie van het neutron dat reageert met het bestudeerde

trefplaatje, met een grote nauwkeurigheid bepaald op basis van de gemeten vluchttijd voor

een bepaalde afstand. De voornaamste karakteristieken van GELINA werden bestudeerd,

zoals de absolute neutronenintensiteit, het verloop van de neutronenflux als functie van de

energie en de resolutiefunctie. De karakteristieken worden vergeleken met deze van de

zogenaamde n-TOF spectrometer, een installatie van het CERN in Genève (CH) met een 200

m lange vluchtbaan. Op basis van experimentele gegevens wordt aangetoond dat de

karakteristieken van n-TOF op gebied van resolutie en intensiteit vergelijkbaar zijn met deze

voor GELINA op een 30 m lange vluchtbaan. Om de resonantieparameters voor 206Pb te

bepalen, werden transmissie- en vangstmetingen uitgevoerd aan een meetstation op

respectievelijk een 26 m en 60 m lange vluchtbaan. Als neutronendetector werd voor de

transmissiemeting 6Li-glas-detector gebruikt. De gammastraling die geproduceerd wordt bij

neutronenvangstreacties, werd gedetecteerd met vier C6D6-detectoren die een hoek van 125°

vormden met de richting van de neutronenbundel. De bepaling van de vluchttijd gebeurde aan

de hand van de “ Fast Time Coder” , een elektronische module met een tijdsresolutie van 0.5 ns

die speciaal ontwikkeld werd aan het IRMM. Als trefplaatmateriaal werd voor beide metingen

gebruik gemaakt van 99.82% verrijkt 206Pb. De zuiverheid van het materiaal werd

gecontroleerd door metingen aan de koude neutronenbron van het Budapest Neutron Centrum

(BNC) in Hongarije.

Bij de bepaling van de werkzame doorsnede voor de vangstreactie als functie van de

neutronen, beschreven in voorliggend werk, werd uitermate veel aandacht besteed aan de

nauwkeurigheid van de metingen en de analyse van de gegevens. Voor deze metingen werd

de totale energiemethode gecombineerd met het gebruik van een zogenaamde

gewichtsfunctie. De bekomen resultaten zijn sterk afhankelijk van keuze van een gepaste

gewichtsfunctie, zoals reeds meerdere malen in de literatuur werd aangetoond. Om
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systematische fouten te wijten aan een niet correcte gewichtsfunctie te vermijden, werd een

speciale procedure ontwikkeld om deze gewichtsfunctie te berekenen op basis van Monte-

Carlo-simulaties. De resultaten van deze simulaties werden uitvoerig gevalideerd op basis van

experimentele gegevens. Er werd aangetoond dat men voor redelijk dikke trefplaatjes

rekening moet houden met zowel de interacties van de neutronen die invallen op het

trefplaatje als met de interacties van de gammastraling die wordt uitgezonden na de

neutronenvangst. Op basis van onafhankelijke experimentele gegevens kon eveneens

aangetoond worden dat de in de literatuur gepubliceerde gegevens voor de 206Pb(n,g)-reactie

systematische fouten bevatten die kunnen oplopen tot 30%. De bevindingen van dit werk

hebben ook geleid tot een correctie op de analyse van de gegevens voor de 232Th(n,g)-reactie,

die werd bestudeerd aan de n-TOF spectrometer. De toepassing van de juiste gewichtsfunctie

leidt tot een correctie van bijna 5% op de werkzame doorsnede voor 232Th(n,g) in het

energiegebied boven 5 keV. Gebruikmakend van de responsfuncties voor de C6D6 detectoren

zoals berekend aan de hand van Monte-Carlo-simulaties, werd in dit werk voor het eerst

aangetoond dat ook partiële stralingsbreedtes kunnen bepaald worden. Zo werden er in totaal

22 gammaspectra geanalyseerd voor neutronenresonanties onder 70 keV.

Voor de simultane resonantievormanalyse van de transmissie- en vangstgegevens werd de

REFIT code gebruikt, die speciale routines bevat voor de beschrijving van de resolutie van

GELINA en die rekening houdt met de neutronengevoeligheid van de vangstdetectoren. Op

basis van deze resonantieanalyse konden 304 resonanties geïdentificeerd worden, terwijl de

geëvalueerde gegevensbestanden, zoals de ENDF/B-VI, slechts 221 resonanties vermelden.

Op basis van onze transmissiemeting werd de nucleaire verstrooiingsstraal R’  = 9.54 (0.02)

met grote nauwkeurigheid bepaald. Deze grote nauwkeurigheid is voornamelijk te wijten aan

de hoge aanrijking van het 206Pb-trefplaatje en de goede resolutie en achtergrondcondities bij

de metingen aan GELINA. De resultaten van de transmissiemetingen beschreven in dit werk,

tonen de hoge kwaliteit aan van de transmissie- en elastische verstrooiingsmetingen van

Horen et al..

Hoofdstuk 4 behandelt de experimentele bepaling van de thermische werkzame doorsnede

voor vangstreacties in 206Pb en 209Bi. Hiervoor werden metingen uitgevoerd aan de koude

neutronenbron van het BNC, gebruikmakend van een hoge-resolutie-germaniumdetector in
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combinatie met een anti-Compton-spectrometer. De werkzame doorsneden werden bepaald

relatief t.o.v. de 14N(n,g)-reactie. Het gebruik van een bismutnitraat- en loodnitraattrefplaatje

vereenvoudigt de analyseprocedures en zorgt ervoor dat systematische fouten worden

vermeden. De isotopische samenstelling van het loodnitraat werd zeer nauwkeurig bepaald

aan het IRMM door middel van massaspectroscopische metingen. Op basis van deze

gegevens konden de werkzame doorsnede voor thermische neutronenvangst in zowel 206Pb

(s̀  = 27.3 � 0.8 mb) als in 207Pb (s̀  = 623 � 9 mb) bepaald worden. De bekomen waarden

zijn in goede overeenkomst met de meest recente resultaten van Blackmon et al. [BLA02].

Voor de werkzame doorsnede voor de vangstreactie met vorming van isomere toestand 210mBi

werd de waarde sm = 17.7 � 0.7 mb bepaald. Er werd ook aangetoond dat de totale werkzame

doorsnede sm+g, die wordt bepaald op basis van de partiële vangst-werkzame doorsneden voor

primaire overgangen, zeer gevoelig is aan het niet observeren van primaire transities. Zo is

ook de werkzame doorsnede sg, die wordt bekomen op basis van transities naar de

grondtoestand, zeer gevoelig aan de beperkte kennis van de multipolariteit van de meest

intense transities, in het bijzonder de 320 keV transitie naar de grondtoestand. Om de invloed

van deze effecten te verminderen werd een nieuwe methode toegepast, vergelijkbaar met de

totale-energiemethode bij metingen met C6D6-detectoren. Hierdoor kon de multipolariteit van

de 320 keV transitie naar de grondtoestand geïdentificeerd worden als een M1-transitie. Er

werd ook aangetoond dat het toepassen van de totale energiemethode de resultaten voor de

totale vangst-werkzame doorsnede veel minder gevoelig maakt aan de kennis van de

multipolariteit van transities bij lage energie. Uiteindelijk werden de volgende werkzame

doorsneden bekomen: sg= 40.1 � 1.7 mb en sg = 22.4 � 1.0 mb.

De uiteindelijke resultaten die werden bekomen aan de GELINA spectrometer en de koude

neutronenbron van het BNC worden besproken in hoofdstuk 5. Het eerste gedeelte bevat een

discussie van de statistische eigenschappen van de resonantieparameters voor 206Pb. Er wordt

aangetoond dat zowel de neutronenbreedte als de vangstbreedte compatibel zijn met de

Porter-Thomas-distributie. Een vergelijking van de experimentele gegevens in het

resonantiegebied en het thermisch gebied, samen met de gegevens van theoretische

berekeningen, toont aan dat het directe vangstproces de grootste bijdrage levert aan de

thermische vangstwerkzame doorsnede voor 206Pb. Voor 209Bi is er een verschil van minstens
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20% tussen de totale thermische vangstwerkzame doorsnede en de totale bijdrage van

ongebonden s-golf-resonanties. Dit verschil kan slechts verklaard worden wanneer

nauwkeuriger gegevens beschikbaar zijn voor de energieafhankelijkheid van de verhouding

sg / sm.

Op basis van de resultaten van de vangstmetingen worden er voor 206Pb, voor de eerste keer,

gemiddelde totale vangstbreedtes voor s-golf-, p-golf- en d-golf-resonanties gegeven evenals

de fE1-sterktefunctie tot 620 keV. De elektrische-dipoolsterktefunctie fE1 � 225 (5) x 10-9

MeV-3  komt goed overeen met de waarde fE1 = 242 � 10-9 MeV-3 berekend op basis van de

“ Giant Dipole Resonance”  parameters, bekomen op basis van fotonucleaire reacties. In dit

werk wordt ook de sterktefunctie voor M1-transities afgeleid. De resultaten zijn in

overeenstemming met de systematiek van de magnetisch-dipoolsterktefuncties als functie van

het massagetal; ze vertonen geen enkele aanduiding van een eventuele verhoging van de

sterktefunctie voor 206Pb t.o.v. het systematische verloop.

De uiteindelijke resultaten zijn van bijzonder belang voor een volledige en consistente

evaluatie van het gegevensbestand voor door neutronen geïnduceerde reacties in 206Pb en
209Bi. De bekomen verstrooiingsstraal en gemiddelde sterktefuncties die in dit werk bepaald

werden, zijn zeer belangrijk om parameters van nucleaire reactiemodellen aan te passen.

Zulke reactiemodellen laten toe om de werkzame doorsneden voor door neutronen

geïnduceerde reacties te berekenen in gebieden waar geen gegevens beschikbaar zijn. Zo zijn

ze van groot belang voor de ontwikkeling van ADS (“ Accelerator Driven Systems” ) die

gegevensbestanden vereisen tot 150 MeV. Op basis van de in dit werk bepaalde gegevens

voor de vangstreactie in 206Pb, werden ook de Maxwelliaans gemiddelde werkzame

doorsneden als functie van de temperatuur berekend. Deze waarden zijn systematisch 7% tot

20% lager dan de waarden die terug te vinden zijn in de literatuur. Dit duidt op een te lage

afschatting van de hoeveelheid 206Pb die wordt geproduceerd via het stellaire s-proces.


